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ABSTRACT
T h e  p u r p o s e  o f  t h i s  th e s is  is to  deve lop  and imp lement  a
m e ta -a s s e m b le r  f o r  m i c r o p r o g r a m m i n g . D i f f e r e n t  methods  f o r  o p t im iz in g  
m ic r o p r o g r a m  e x e c u t io n  and s to ra g e  are  also in v e s t i g a t e d .
T h e  m e ta -a s s e m b le r  is o f  an a d a p t i v e  t y p e .  I t  a l lows comple te  
f l e x i b i l i t y  in th e  d e f i n i t i o n  of  t h e  t a r g e t  machine op -codes  and 
m i c r o i n s t r u c t i o n  f ie l d  f o r m a t s .  T h e  assem b ly  p rocess  c o n s is ts  o f  two  
main phases.  In t h e  f i r s t  phase the  assem b le r  b u i ld s  a d e s c r ip t i o n  o f  
t h e  t a r g e t  mach ine  in te rm s  of  i ts  m i c r o i n s t r u c t i o n  f ie l d  f o rm a t  
d e f i n i t i o n s .  In the  second phase the  sou rce  p r o g ra m  is assembled in to  
o b je c t  m ic rocode .  T h e  a ssem b le r  is w r i t t e n  in t h e  la n g u a g e  Pascal.  T h e  
assem ble r  is f a s t ,  e f f i c i e n t  and  th e  s y n t a x  al lows easy deve lop m en t  o f  
s o u rc e  code.
D i f f e r e n t  t e c h n iq u e s  f o r  o p t im iz a t io n  o f  e x e c u t io n  t im e  and s to ra ge  
o f  m ic ro p r o g r a m s  a re  i n v e s t i g a t e d ,  these  i n c lu d e  the  d e s c r i p t i o n  of  t h e  
h ig h  level langua ge  SIMPL w h ic h  al lows h igh  leve l  m ic r o p r o g r a m m in g  and 
g en e ra te s  o p t im iz e d  h o r i z o n ta l  m ic rocode .
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I. INTRODUCTION
M ic r o p r o g r a m m in g  was i n t r o d u c e d  b y  Wi lkes in 1951 as a sys tem a t ic  
a l t e r n a t i v e  to  the  usua l  somewhat ad hoc p r o c e d u r e  used f o r  d e s ig n in g  
t h e  c o n t r o l  sect ion o f  a d i g i t a l  c o m p u te r .  T h o u g h  in i t i a l l y
m ic r o p r o g  ramm ing  was d e f in e d  as " t h e  t e c h n iq u e  o f  d e s i g n in g  th e  
c o n t r o l  c i r c u i t  of  a d ig i t a l  c o m p u te r  to  f o rm a l l y  i n t e r p r e t  and execu te  a 
g i v e n  set o f  mach ine  o p e ra t io n s  as an e q u i v a l e n t  set  o f  sequences  o f  
m i c r o o p e r a t i o n s . "  T o d a y ,  m ic ro p r o g r a m m in g  is used in a w ide  v a r i e t y  o f  
a p p l i c a t io n s  f o r  exam ple  em u la t ion ,  s u p p o r t  f o r  o p e r a t i n g  sys tems,  
g r a p h i c s ,  com m un ica t ion  c o n t r o l l e r s  e tc .
An o b je c t i v e  o f  t h i s  thes is  was to de v e lo p  a m e ta -a s s e m b le r  f o r  
m ic r o p r o g r a m m in g .  M ic r o p r o g  rammable machines  can be c o n f i g u r e d  to  
emula te  d i f f e r e n t  t a r g e t  mach ines .  A genera l  p u r p o s e  s o f tw a r e  tool is 
r e q u i r e d ,  w h ic h  can be used f o r  m ic r o p r o g r a m m in g  d i f f e r e n t  host  
machines  and also can accommodate changes  in t h e  d e f i n i t i o n  of  th e  
t a r g e t  m ac h in e .  A m e ta -assem b le r  can be used in d i f f e r e n t  host  
m ic r o p r o g  rammable  mach ines and can be c o n f i g u r e d  to  g e n e ra te  
m ic rocode  f o r  d i f f e r e n t  t a r g e t  mach ine  a r c h i t e c t u r e s .
A m e ta -a s s e m b le r  f o r  m ic r o p r o g r a m m in g  was d e s ig n e d  and 
im p lem en ted .  The  o p e ra t io n  of  th e  assem ble r  is d i v i d e d  in to  tw o  main 
s te p s .  In t h e  f i r s t  s tep  t h e  assem b le r  co l lec ts  in fo rm a t io n  a b o u t  t h e  
t a r g e t  m ach ine .  In t h e  second s tep  the  o b je c t  code f o r  t h i s  t a r g e t  
machine is p r o d u c e d .
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One q u e s t io n  t h a t  needs to  be a d d re s s e d ,  is t h a t  o f  th e  use of  
h i g h - l e v e l  la nguages  f o r  m ic r o p r o g r a m m in g . T h e r e  are  some 
d i s a d v a n ta g e s  to  t h e  use o f  h i g h - le v e l  la nguages  f o r  m ic r o p r o g r a m m in g .  
H ig h - le v e l  la nguage  p ro g ra m m in g  is c o n c e rn e d  w i th  im p lem en t ing  an 
a lg o r i t h m  w i t h  l i t t l e  o r  no concern  abou t  t h e  i n te r n a l  d e ta i l s  of the  
mach ine  in w h ich  i t  is t o  be r u n ,  whereas  m ic ro p ro g ra m m in g  cons is ts  
p r i n c i p a l l y  o f  e s ta b l i s h in g  a s pec i f i c  machine a r c h i t e c t u r e  in o r d e r  to 
imp lement  some class o f  a lg o r i th m s  e f f i c i e n t l y .  T h e  r e la t i v e  i n e f f i c i e n c y  
o f  ob jec t  code p r o d u c e d  b y  compi le rs  de fea ts  th e  p u rp o s e  o f  d e f i n i n g  an 
i n n e r  mach ine  fa s t  enough  to  be a base f o r  f u r t h e r  p r o g r a m m in g  leve ls .  
T h e  op t im iz a t io n  t e c h n iq u e s  used in o p t im iz in g  com p i le rs  can be app l ied  
f o r  p r o d u c in g  m ic rocode ,  how ev e r ,  these  te c h n iq u e s  s t i l l  do not  match a 
good assem b le r  p ro g r a m m e r  and f u r t h e r m o r e  t h e y  do not a p p ly  v e r y  
we l l  f o r  h o r i z o n ta l  machines  w h e re  a new level  of  op t im iza t ion  
( p a ra l l e l i s m )  can be p u t  to  w o r k .  A n o th e r  d i s a d v a n ta g e  o f  h igh  level  
m ic r o p r o g  rammi ng languages  is t h a t  t h e y  have not y e t  ach ieved  
mach ine  in d e p e n d e n c e .  One major  a t te m p t  to  deve lop  a h i g h - le v e l  
language  (S IM PL)  to  p r o d u c e  h i g h l y  pa ra l le l  and e f f i c i e n t  ob jec t  
m ic r o p r o g  rams is d e s c r ib e d  in th is  t h e s is .
M ic ro p r o g r a m s  are op t im ized  f o r  execu t ion  t ime op t im iza t ion  and 
c o n t r o l  s to re  o p t im iz a t i o n .  Compi le rs  w h ich  p r o d u c e  p ro g ra m s  in an 
a lg o r i t h m ic  fas h io n  (eg , S yn tax  d i re c te d  c om p i le rs )  m us t  p ro d u c e  
c o r r e c t l y  f u n c t i o n i n g  ro u t in e s  re g a rd le s s  o f  p r o g r a m  sequences 
i n v o l v e d .  Hence,  in e f f i c ie n c ie s  are i n t r o d u c e d  to  p r o t e c t  a g a in s t  special  
cases. A n o t h e r  cause of  i n e f f i c i e n t  code m ig h t  be th a t  a p ro g ra m  is 
w r i t t e n  to  ease its m a in tenance  and u n d e r s t a n d in g ,  w h i le  a d i f f e r e n t
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o r g a n iz a t io n  o f  p rog ram  s u b p a r ts  may be more des i rab le  t o  reduce 
execu t ion  t im e .  A n o th e r  reason f o r  i n e f f i c i e n t  code can be t h e  use of  
l i b r a r y  f u n c t i o n s ,  i f  t h e  p rog ram  inc ludes  code d ra w n  f rom t h e  system 
l i b r a r y ,  t h e  user  is no t  fam i l ia r  w i t h  the  in te rn a l  s t r u c t u r e  of  the 
l i b r a r y  r o u t i n e .  T h e r e f o r e  he may u t i l i z e  on ly  p o r t io n s  of  the r o u t i n e  or  
p e r fo rm  c h e c k s  th a t  a re  also p e r fo rm ed  in the  l i b r a r y  code. T e c h n iq u e s  
f o r  o p t im iz in g  microcode execu t ion  t im e and con t ro l  s to re  r equ i re m en ts  
are  in v e s t i g a te d .
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II. A MICROPROGAM META-ASSEMBLER
E v e r y  c o m p u te r  s y s te m  is accom pan ied  b y  at least  one p r o g r a m  assem b ly  
la n g u a g e .  An  a ssem b le r  is r e q u i r e d  to t r a n s l a t e  the  as s em b ly  p ro g r a m s  
in to  m ach ine  la n g u a g e .  As  a c o n s e q u e n c e ,  at  leas t  one p r o g r a m  
a s s e m b le r  m u s t  be d e v e lo p e d  f o r  e v e r y  c o m p u t e r  s y s te m .  T h i s  need led 
r e s e a r c h e r s  to  look  f o r  w a y s  to au tom ate  t h e  c o n s t r u c t i o n  o f  p r o g r a m  
a s s e m b le rs .  T h i s  led to  t h e  c re a t io n  o f  a new s o f tw a r e  tool  ca l led 
m e t a - a s s e m b le r s .
T h e  o b je c t i v e  o f  m e ta -as s e m b le rs  is to f a c i l i t a t e  t h e  c o n s t r u c t i o n  of  
p r o g r a m  as s e m b le rs .  L i k e w is e ,  t h e  d e v e lo p m e n t  o f  m ic ro p ro g ra m m e d  
c o m p u t e r  sys tem s  led to m i c r o p r o g r a m  assem b ly  la n g u a g e s ,  m ic r o p r o g r a m  
assem b le rs  and m ic r o p r o g r a m  m e ta - a s s e m b le r s . W ith  t h e  a d v e n t  of  
m ic r o p r o g r a m m e d  c o m p u t e r s ,  m ic r o p r o g r a m  assem b ly  too ls  ana logous to 
p r o g r a m  assem b ly  too ls  s t a r t e d  a p p e a r i n g .  A t  t h e  b e g in n in g  these  
m ic r o p r o g r a m  assem b ly  too ls  were  p h y s i c a l l y  and f u n c t i o n a l l y  d i s t i n c t  
f r o m  th e  p r o g r a m  assem b ly  too ls .  L a te r  some m e ta -a s s e m b le rs  w h ic h  
c o u ld  ac t  bo th  as p r o g r a m  m e ta -as s e m b le rs  and as m ic r o p r o g r a m  
m e ta -a s s e m b le r  w e re  c o n s t r u c t e d .
F i g u r e  1 shows how d e d ic a te d  and m e ta -a s s e m b le rs  w o r k .  A m e ta ­
as s em b le r  is f u r n i s h e d  w i t h  a "meta - l a n g u a g e " . T h e  im p lem en ta t ion  o f  an 
as s e m b le r  w i t h  t h e  he lp  o f  a m e ta -a s s e m b le r  is a m a t t e r  o f  d e s c r i b i n g  
t h e  d e s i re d  as s em b le r  to t h e  m e ta -a s s e m b le r ,  us in g  t h e  m e ta - la n g u a g e ,  
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Figure 1. Types of Assemblers
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With t h e  he lp  o f  the  assem ble r  d e f i n i t i o n ,  th e  m e ta -a s s e m b le r  can 
e i t h e r  g e n e ra te  th e  d e s i r e d  assemble r  o r  ad a p t  i t s e l f  to  o p e ra te  as th e  
d e s i r e d  assem b le r .  In t h e  f i r s t  case th e  m e ta -as s e m b le r  is ca l led  a 
g e n e r a t i v e  m e ta -a s s e m b le r .  In the  second case the  m e ta -asse m b le r  is 
ca l led  th e  a d a p t i v e  m e ta -asse m b le r .
A .  M IC RO PRO G RAM  ASSEMBLER DESIGN C O N S ID E R A T IO N S
T h e  fo l l o w in g  d is c u s s io n  is d i r e c te d  s p e c i f i c a l l y  t o w a r d s  d e s ig n in g  
m ic r o p r o g r a m  assemble rs  f o r  b i t - s l i c e  c o m p u te r s ,  t h o u g h  i t  also app l ies  
f o r  o t h e r  m ic ro p ro g ra m m a b le  co m p u te rs .
B i t - s l i c e  c o m p u te rs  c o n s i s t  of  h i g h - s p e e d  c i r c u i t  c h ip s ,  sev e ra l  of  
w h ic h  are  r e q u i r e d  to f o rm  a comple te  p r o c e s s o r .  These  b i t - s l i c e  
dev ices  m us t  be conn ec te d  t o g e t h e r  w i th  c a re fu l  a t t e n t i o n  to  logical  and 
t im in g  d e ta i l .  T h e  sequence  o f  in te rn a l  r e g i s t e r  level  o p e ra t io n s  
n e c e s s a ry  to  com ple te  a f u n c t i o n  s tep  is u s u a l l y  c o n t r o l l e d  t h r o u g h  a 
sequence  of  b i t  p a t t e r n s  r e t r i e v e d  f rom  th e  m ic r o p r o g r a m  memory b y  a 
sequence  c o n t r o l l e r .  The  d e f i n i t i o n s  of  sequences  and  f u n c t i o n s  s to re d  
in t h i s  memory  com pr ise  a m ic ro p ro g  r a m . Com p le t ion  of a good des ign  
w i t h  b i t - s l i c e  c h ip s  r e q u i r e s  a de ta i led  c o n s id e ra t io n  of th e  h a r d w a r e  
aspec ts  l i k e  t h e  c o n n e c t io n  and t im in g  de ta i ls  of  th e  c h ip s  and the  
f i r m w a r e  aspec ts  l i ke  t h e  f u n c t i o n s  and  b i t  p a t t e r n s  of the  
m ic r o p r o g  r a m .
A spec ia l  r e q u i r e m e n t  o f  m ic ro p ro g ra m  assem b le rs  w h ich  d i s t i n g u i s h  
them  f rom  o t h e r  assem ble rs  is t h e  r e d e f in a b le  m u l t i p l e - f i e l d  f o rm a t  of
t h e  ob jec t  code .
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A m ic r o p r o g r a m  segm en t  m us t  s p e c i f y  t h e  fo l l o w in g  t h i n g s .
1 . Sequence  o f  m ic r o p r o g r a m  c o n t ro l  f l o w .
2.  C o n t r o l  codes f o r  ALU  c h ip s .
3 .  R e g is te r  a d d re s s e s .
4 .  T im in g  and e n a b l in g  c o n d i t i o n s  f o r  la tches  and  s w i t c h e s .
5.  C o n s ta n ts  f o r  c o m p a r is o n ,  p r e lo a d in g  o r  m a s k in g .
T he  c o n t r o l  code g r o u p s  may be b i t  p a t t e r n s  f o r  d i r e c t  c o n t r o l  o f  
g a te s ,  o r  t h e y  may be encoded  f u n c t i o n s .  T h e  t y p i c a l  m i c r o i n s t r u c t i o n  
t h e n  is a b i t  p a t t e r n  o f  sev e ra l  f i e l d s ,  each o f  th e  f i e l d s  may be o f  
d i f f e r e n t  l e n g t h  in b i t s .  S p e c i f y i n g  t h e  c o n t e n t  of  each m ic r o w o rd  in an 
assem b ly  la ng u a g e  r e q u i r e s  m u l t i p l e  a s s ig n m e n ts .
The  t y p i c a l  l i ne  o f  a b i t - s l i c e  m ic r o p r o g r a m  t h e r e f o r e ,  d i f f e r s  f ro m  
a c o n v e n t i o n a l  o n e -a d d r e s s  c o m p u te r  i n s t r u c t i o n  l i ne  in t h a t  i t  has 
m u l t i p l e  opcodes .  A lso  d i f f e r e n t  opcode p a t t e r n s  may cal l  f o r  d i f f e r e n t  
f i e l d  g r o u p i n g s  in s u c c e s s iv e  m i c r o i n s t r u c t i o n s . A ju m p  i n s t r u c t i o n ,  f o r  
exam p le ,  m ig h t  cal l  f o r  o n l y  two  f i e l d s :  th e  f ie l d  s p e c i f y i n g  th e  ju m p  
f u n c t i o n  and  a long f i e l d  g i v i n g  th e  ju m p  a d d re s s  w i t h i n  t h e  
m ic r o p r o g r a m  m em ory .  On t h e  o t h e r  han d ,  an A L U  o p e ra t io n  m ig h t  
r e q u i r e  s e v e ra l  s h o r t  f ie ld s  c o n t a i n in g  codes g i v i n g  t h e  f i r s t  and second 
o p e ra n d  s o u rc e  lo ca t ion  w i t h i n  th e  r e g i s t e r  se t ,  t h e  code f o r  th e  A L U  
o p e ra t io n  to  be p e r f o r m e d ,  t h e  d e s t in a t i o n  o f  th e  r e s u l t ,  and  b i t s  t o  
c o n t r o l  t h e  h a n d l i n g  of  c a r r i e s  and  c o n d i t i o n  codes .  T h e  b i t - s l i c e  
assembly  f o r m a t  s h o u ld  a l low severa l  a l t e r n a t i v e  g r o u p i n g s  o f  m u l t i p l e  
a s s i g n m e n t s .
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B . DESIGN OF A MICROPROGRAM M ETA-ASSEMBLER
To  achieve t h e  c h a n g e a b i l i t y  of  the  assembler 's  t a r g e t  machine the  
p ro c e s s in g  of  th e  p ro g ra m  is s p l i t  in to  two phases:
1 . D e f in i t i o n  
2. Assem b ly
F ig u re  2 shows t h e  genera l  scheme of the  m ic ro p ro g ra m  meta -assemb le r .  
The  d e f in i t i o n  phase reads a spec i f i ca t ion  o f  t h e  m ic ro i  n s t ru c t i o n  
fo rm a ts  i n c lu d in g  n u m b e r ,  s izes,  pos i t ions and d e fa u l t  va lues  of  the  
severa l  f ie lds  of  each fo rm a t  o f  m icro i  n s t r u c t i o n . T h e  mnemonic tags to 
be assoc ia ted w i th  each opcode and ,  the  assoc ia t ion w i th  t h e  a p p ro p r i a te  
fo rm a ts  and f ie ld  va lues  are also de f ined .  T h e  f i r s t  main s tep of  the  
assemble r  is to a c q u i r e  these d e f in i t i o n s  and to  c o n s t r u c t  an in te rna l  
d e s c r ip t i o n  of th e  t a r g e t  machine.
In t h e  second o r  assembly  phase the p ro c e s s in g  by th e  assembler  
is more l ike assembly  language p rocess ing  o f  a f i x e d  a r c h i t e c t u r e  
c o m p u te r .  The  bas ic  task  is to  scan l ines o f  i n p u t  symbols  t r a n s la t i n g  
mnemonic  codes, s ta temen t  labels and f ie ld  values in to  sequences of  
b i n a r y  m i c r o i n s t r u c t i o n s . Fields spec i f ied  in t h e  d e f i n i t i o n  phase are 
pu l le d  to g e th e r ,  a l igned  and s t u f f e d  in to  m ic ro w o rd s .
T h e  post p ro c e s s in g  phase re fo rmats  the  b in a r y  o b je c t  code f o r  
use. T h e  use may be s im u la t ion  d i r e c t l y  f ro m  the  numer ica l  fo rm a t  of  
the  assembly  o u t p u t  o r  i t  may be implemented in ROM o r  PROM 
a c c o rd in g  to the  fo rm a t  spec i f ied  f o r  the memory des ign  o r  may be 
implemented by  P L A ’ s spec i f ied  b y  the  d e s ig n e r .  T he  pos t  p rocess ing  
phase is not implemented in t h i s  d e s ig n .
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Figure 2. Control Flow for the Meta-Assembler
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1. T h e  D e f i n i t i o n  P ro c e s s . P ro c e d u re  d e f i n i t i o n  reads the  
d e f i n i t i o n s  o f  the  f i e l d  fo rm a ts  and c o n s t r u c t s  a d e f i n i t i o n  ta b le  w h ich  
re p r e s e n t s  t h e  d e s c r i p t i o n  o f  the  t a r g e t  mach ine .
a. Data S t r u c t u r e  Fo r  D e f i n i t i o n  T a b l e . T h e  da ta  s t r u c t u r e  used 
f o r  s t o r i n g  th e  m i c r o i n s t r u c t i o n  d e f i n i t i o n  is shown in f i g u r e  3. The  
a r r a y  ARRY1 is a a r r a y  o f  p o i n t e r s .  Each e lement  o f  ARRY1 has two 
p o i n t e r s ,  F IR S T  and  L A S T ,  w h ic h  p o in t  to  t h e  b e g in n in g  and end 
r e s p e c t i v e l y  o f  a d o u b l y  l i n k e d  l i s t  o f  r e c o r d s  assoc ia ted  w i t h  t h a t  
e lement .  Each o f  these  re c o rd s  is th e  f i r s t  node o f  a s e p a ra te  l i n k e d  
l i s t .  The se  l i n k e d  l i s t  have  re co rds  of  t y p e  N O DE RE C,  w h ic h  are  used 
f o r  s t o r i n g  in fo rm a t io n  a b o u t  a m ic ro i  n s t r u c t i o n  f i e l d ,  each o f  these  
l i n k e d  l i s ts  are  used f o r  s t o r i n g  in fo rm a t io n  abou t  a m ic ro i  n s t r u c t i o n  
fo rm a t  d e f i n i t i o n  w h ic h  may c o n s is t  of  th e  d e f i n i t i o n  o f  seve ra l  f i e ld s  in 
t h a t  m i c r o i n s t r u c t i o n .  T h e  d i f f r e n t  f i e ld s  of  the  re c o r d  NODEREC are 
shown in f i g u r e  4.
As i t  is e x p e c te d  t h a t  th e  e n t r i e s  in t h e  d e f i n i t i o n  ta b le  w o u ld  be 
r e fe re n c e d  f r e q u e n t l y  d u r i n g  th e  assem b ly  p ro c e s s ,  a hash f u n c t i o n  was 
used to i n d e x  in to  ARRY1 . T h e  hash f u n c t i o n  com putes  t h e  sum of the  
o r d in a l  v a lu e s  of  t h e  f i r s t ,  second , f o u r t h ,  f i f t h ,  s e v e n th ,  n i n t h ,  
s e v e n te e n th  and n in e te e n th  c h a r a c t e r s  of  the  m i c r o i n s t r u c t i o n  f ie ld  
f o rm a t  d e f i n i t i o n  names and  then  com putes  t h e  mod w i t h  t h e  s ize o f  the  
a r r a y  A R R Y 1 ,  t h i s  va lue  is used as the  index  f o r  a r r a y  A R R Y 1 .
I t  is poss ib le  t h a t  more than one d e f i n i t i o n  name wi l l  hash in to  the 
same i n d e x ,  hence  th e  t e c h n iq u e  o f  c h a in in g  is used to  reso lve  
c o l l i s io n s .  A l l  t h e  re c o rd s  in a l i n k e d  l i s t  have  th e  same hash ad d re s s .
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Figure 3. Data Structure for the Definition Table
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When a new d e f i n i t i o n  is to  be added ,  the  h as h ing  f u n c t i o n  is com puted  
to  c a lcu la te  t h e  a r r a y  in d e x ,  then  th e  reco rd  is i n s e r t e d  w i th  
a lp h a b e t i c a l  o r d e r i n g  o f  t h e  d e f i n i t i o n  name. T h is  reduces  the  t ime 
r e q u i r e d  to  search  f o r  a d e f i n i t i o n  in a l i n k e d - l i s t .
In a m ic ro i  n s t r u c t i o n  f ie ld  fo rm a t  d e f i n i t i o n ,  a n y  nu m b e r  of  f i e ld s  
in each f o rm a t  may be d e f in e d .  A re c o rd  is assoc ia ted  w i th  each f ie ld  
d e f i n i t i o n .  As th e  d e f in i t i o n  o f  each f ie l d  in a m ic r o i n s t r u c t i o n  f o rm a t  
d e f i n i t i o n  is c o n s t r u c t e d ,  i t  is i n s e r t e d  at  th e  end o f  t h e  l i n k e d  l i s t  
assoc ia ted  w i t h  each m ic ro i  n s t r u c t i o n  fo rm a t  d e f i n i t i o n .
T h e  use o f  dyna m ic  v a r ia b le s  to  c o n s t r u c t  r e c o r d s  r e s u l t s  in 
e f f i c i e n t  u t i l i z a t i o n  of  memory  space. T h e  d es ign  of  t h i s  da ta  s t r u c t u r e  
is an im p o r ta n t  c o n s id e ra t io n  f o r  t h e  p e r fo rm a n c e  of  t h e  m e ta -asse m b le r .
b . C o n s t r u c t i o n  O f  The  D e f i n i t i o n  T a b je . T h e  p roced u re
B U IL D D E F T A B L E  c o n s t r u c t s  the  d e f i n i t i o n  tab le .  T he  f lo w  c h a r t  f o r  
p r o c e d u r e  BU I L D D E F T A B L E  is shown in f i g u r e  5.  T h e  fo rm a t  of  
m i c r o i n s t r u c t i o n  f o rm a t  d e f i n i t i o n  is as fo l l o w s :
d e f i n i t i o n  name DEF ( f i e ld p o s i t i o n  v / c  n u m b e r  of  b i ts  <mod i f ie r>  v a lu e ) .
T he  assem b le r  also al lows a num er ica l  va lue  to  be ass igned  to  a 
name. T h e  fo rm a t  is shown below:
name EQU < m od i f ie r>  va lue .














CONSTANT OR VARIABLE 
NUMBER OF BITS FOR THE FIELD
POSITION OF FIELD
DEFAULT VALUE OF FIELD 
MODIFIER FOR THE FIELD
POINTER TO PREVIOUS FORMAT DEFINITION
POINTER TO NEXT FORMAT DEFINITION
POINTER TO NEXT FIELD DEFINITION IN 
THE SAME MICROINSTRUCTION FORMAT 
DEFINITION
Figure 4. Record for Storing Field Attributes
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repeated more than  once. The  m ic r o in s t r u c t i o n  f o rm a t  d e f in i t i o n  beg ins  
w i th  th e  d e f in i t i o n  name fo l lowed b y  th e  k e y w o rd s  d e f ,  t h is  is fo l lowed 
b y  the  spec i f i ca t ions  of  a f ie ld  in the  m ic row o rd .  The  t y p e  of  f ie ld  
( v a r ia b le  o r  con s ta n t )  is spec i f ied  b y  v o r  c r e s p e c t i v e l y ,  t h is  is 
fo l lowed by  the  num be r  o f  b i ts  in the  f ie ld .  Spec i f ica t ion  of  the  f ie ld  
m od i f ie r  is op t iona l .  F ina l l y  a numer ica l  va lue  is spec i f ied  wh ich  
co r re s p o n d s  to the  d e f a u l t  value  in th e  case of  a v a r ia b le  f ie ld  and is 
th e  va lue  o f  the  c ons tan t  in the  case o f  the c ons tan t  f ie ld .
The  d e f in i t i o n  f i le  is read one w o rd  at  a t ime,  and th e  a t t r i b u te s  
of  the in s t r u c t i o n  f ie ld  is s tored in the  d e f in i t io n  tab le .  The  cons tan ts  
de f ined  by  the  EQU d e f in i t i o n  are s to red  in the  symbol tab le .
When th e  w o rd  DEF is read f rom  the d e f in i t i o n  f i le ,  the  p ro c e d u re  
DEFTABLE s ta r t s  s e a rc h in g  f o r  in fo rm at ion  f o r  the  c u r r e n t  d e f in i t i o n  of 
t h e  micro i  n s t r u c t i o n  f ie l d  fo rm a ts .  A record  of  t y p e  NODEREC is 
c rea ted  to s to re  th is  i n f o r m a t i o n . T he  f ie lds  of  th is  reco rd  are shown in 
f i g u r e  4. Th is  reco rd  is po in ted  to  by  the  p o in te r  WORK. The 
pos i t ion o f  the  f ie ld  is s to red  in WORK| .LE FT P O S .  I f the  f ie ld  is 
de f ined  as a v a r ia b le  f ie l d  then th e  boolean v a r ia b le  WORK | . V A R IA B L E  
is set to  TRUE o r  else i t  is set to FALSE. The  num be r  o f  b i ts  in the 
f ie lds  is ass igned  to  WORK | . NUMB I T S . The  op t iona l  mod i f ie r  is s to red  
in WORK | . MODI FI E R . T h e  d e fau l t  va lue  in the  case of  a v a r ia b le  f ie ld  
is s to red  in W O R K | . V A L U E .
When all t he  in fo rm a t ion  f o r  a f ie ld  d e f in i t i o n  is ava i lab le  in the 
reco rd  po in ted  to by  WORK th is  reco rd  is in s e r te d  in the  a p p ro p r i a te  
l i n ked  l i s t  as exp la ined  in the  sect ion 'Data S t r u c t u r e  f o r  the
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D e f in i t i o n  T a b le ' .  I f  a l i n k e d  l i s t  does not  e x i s t  a new one is c re a te d .  
A n y  n u m b e r  o f  f i e l d s  may be de f ined  f o r  a m i c r o i n s t r u c t i o n  f ie ld  f o rm a t .
When th e  p r o c e d u r e  D E F T A B L E  reads t h e  wo rd  WORDLENGTH in 
t h e  d e f i n i t i o n  f i le ,  i t  e x p e c ts  a num be r  to  f o l l o w ,  T h is  n u m b e r  is s to re d  
in a v a r ia b le  MIC ROWORDLENGTH w h ic h  ind ica tes  t h e  w id th  o f  t h e  
t a r g e t  m ic ro p ro g ra m  m emory .
Symbol ic  names w h ich  a re  de f in e d  as c o n s ta n t  v a lues  are s to red  in 
a ta b le  ca l led the  SY M B O L T A B L E .  T h i s  reduc e s  the  t im e  to search f o r  
t h e  va lues  d u r i n g  t h e  assembly  p rocess .
I f  a e r r o r  o c c u r s  in t h e  d e f in i t i o n  s p e c i f i c a t io n  then  p r o c e d u r e  
ERROR is cal led w h ic h  o u t p u t s  th e  a p p r o p r i a t e  e r r o r  message, and t h e  
p o s i t ion  o f  the  e r r o r  in the  d e f in i t i o n  f i l e .  T h e  p r o c e d u r e  D E F IN IT IO N  
r e t u r n s  a f t e r  a e r r o r  o c c u r s .
2. A S S E M B L Y . The  assembly  phase cons is ts  o f  the  p ro c e d u re  
F IR S TPA SS and t h e  p r o c e d u r e  SECONDPASS.
a. P ro c e d u re  F IR S T P A S S . The  f l o w  c h a r t  f o r  p r o c e d u r e
F IR S TP A S S  is shown in f i g u r e  6. D u r i n g  t h e  f i r s t  pass the  assemble r  
uses the locat ion c o u n t e r  to  c o n s t r u c t  the  symbol t a b le ,  th is  al lows t h e  
second pass to  use o f f s e ts  of  the  i d e n t i f i e r s  to g e n e ra te  o p e ra n d  
a d d re s s e s .  T h is  also al lows f o r w a r d  re fe re n c e s  in the  m i c r o p r o g r a m .
The symbol t a b le  w i th  a few example  e n t r ie s  is shown in f i g u r e  7 
T h e  symbol tab le  is a a r r a y  o f  reco rds  o f  t y p e  SYMBREC.  The  f ie ld  
SYMBOL s to re s  th e  symbol name. The  f ie ld  V A L U E  s to re s  the va lue  of
16




Figure 6. Flow Chart for Procedure FIRSTPASS
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t h e  s y m b o l ,  t h e  f i e l d  R E LO C A T I  ON B I T  is a boolean v a r i a b l e  w h ich  is 
set  t o  T R U E  in case th e  va lu e  o f  t h e  symbol c h a n g e s  i f  t h e  
m ic r o p r o g r a m  is re lo c a te d  in m em ory ,  o t h e r w i s e  i t  is se t  to  FALSE .  T h e  
M O D IF IE R  f i e l d  is used f o r  s t o r i n g  an y  m o d i f i e r  i f  s p e c i f i e d  f o r  t h e  
V A L U E  f i e l d .
T h e  p r o c e d u r e  F IR S TP A S S  scans th e  s o u r c e  p r o g r a m  and  when a 
s ta te m e n t  label  is re a d ,  the  label  is i n s e r t e d  in t h e  sym bo l  t a b le ,  and
th e  r e l a t i v e  p o s i t i o n  o f  th e  m i c r o i n s t r u c t i o n  in t h e  m ic r o p r o g r a m  memory  
is i n s e r t e d  in t h e  V A L U E  f i e l d  o f  t h e  symbol t a b le .  T h e
R E L O C A T IO N B  IT  f i e l d  f o r  t h i s  e n t r y  in t h e  symbo l t a b le  is set  to  
T R U E ,  i n d i c a t i n g  t h a t  t h e  V A L U E  f ie l d  w i l l  c h a n g e  i f  t h e  m ic r o p r o g r a m  
is r e lo c a te d ,  t h e  m o d i f i e r  f i e l d  is no t  used f o r  s ta te m e n t  labe ls .
A t  t h e  end of  each s ta te m en t  t h e  re loc a t ion  c o u n t e r  is i n c re m e n te d .
I f  t h e  same s ta te m e n t - la b e l  is d e f in e d  more  than  once ,  p r o c e d u r e
ERROR is ca l led  a nd  th e  p r o c e d u r e  F IR S T P A S S  r e t u r n s .  Va lues  o f  
c o n s ta n t s  d e f in e d  d u r i n g  t h e  e x e c u t io n  o f  p r o c e d u r e  D E F I N I T IO N  are  
also e n t e r e d ,  b u t  t h e  R E L O C A T IO N  b i t  f o r  t h e  c o r r e s p o n d in g  e n t r y  in 
t h e  sym bo l  ta b le  is set  to  FA LS E ,  as these  v a lu e s  do no t  c h a n g e  i f  t h e  
m ic r o p r o g r a m  is r e lo c a te d .
b .  P r o c e d u r e  S E C O N D P A S S . T h e  f l o w c h a r t  f o r  p r o c e d u r e  
SECONDPASS is s how n  in f i g u r e  8. T h e  f o r m a t  o f  t h e  a ssem b ly  l ine is 
d e s c r i b e d  as f o l l o w s .
F i r s t  a o p t io n a l  s ta te m en t  label  can be s p e c i f i e d .  T h e  s ta te m en t  
label  m us t  be fo l l o w e d  b y  T h e  m ic r o p r o g r a m  assem b le r  s ta te m en t
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b e g in s  w i t h  a m i c r o i n s t r u c t i o n  f o r m a t  d e f i n i t i o n  name fo l l o w e d  by  
nu m e r ic a l  v a lu e s  o r  s y m b o ls .  T he  sym bo l  may be a sym bo l i c  c o n s t a n t  
d e f i n e d  d u r i n g  t h e  d e f i n i t i o n  phase  o r  s ta te m e n t  labe ls  ( f o r  a b r a n c h  
a d d r e s s ) .  T h e  n u m e r ic a l  va lues  a re  a s s ig n e d  to  t h e  d e f a u l t  v a lu e .  
V a lu e s  can be p recede d  b y  an o p t io n a l  mod i f  i e r . More  th a n  one 
m i c r o i n s t r u c t i o n  f o r m a t  d e f i n i t i o n  may be s p e c i f i e d ,  t h e s e  
m i c r o i n s t r u c t i o n  f o r m a t  d e f i n i t i o n s  a re  s e p a ra te d  b y  t h e  c h a r a c t e r  I f
a b i t  in t h e  v a r i a b l e  f i e l d  of  a m i c r o i n s t r u c t i o n  fo rm a t  d e f i n i t i o n  
o v e r la p s  a b i t  s p e c i f i e d  in a v a r i a b l e  of  a p r e v i o u s  m i c r o i n s t r u c t i o n  
f o r m a t  d e f i n i t i o n  th e n  t h a t  b i t  can be c h a n g e d  o n l y  i f  v a r i a b le  O V E R L A P  
was set to  T R U E  d u r i n g  t h e  i n i t i a l i z a t i o n .
In t h e  second pass ,  f ie ld s  s p e c i f i e d  in t h e  d e f i n i t i o n  phase  are 
p u l le d  t o g e t h e r ,  a l i g n e d ,  and s t u f f e d  i n t o  a m ic r o p r o g r a m  w o r d  
( m i c r o i n s t r u c t i o n ) . T h e  v a lu e  of  a c o n s t a n t  f i e l d  is looked up f ro m  the  
d e f i n i t i o n  t a b le .  I f  a n u m e r ic a l  v a lu e  is s p e c i f i e d  f o r  a v a r i a b le  f i e l d  i t  
is i n s e r t e d  in to  t h e  f ie l d  p o s i t io n  s p e c i f i e d  b y  LEFTPO S f o r  t h i s  f i e l d  in 
t h e  d e f i n i t i o n  f i l e ,  i f  a s ym bo l  is s p e c i f i e d  f o r  a v a r i a b l e  t h e n  t h e  v a lu e  
o f  t h e  s y m b o l  is looked up  f ro m  t h e  sym bo l  t a b le .  I f  in t h e  s o u rc e  
p r o g r a m  a v a lu e  is no t  s p e c i f i e d  in t h e  v a r i a b l e  f i e l d  then  t h e  d e f a u l t  
v a lu e  is looked  up f ro m  t h e  d e f i n i t i o n  ta b le .  B e fo re  a f ie l d  is i n s e r t e d  
in th e  m i c r o w o r d ,  i t  is m od i f ied  b y  th e  assoc ia ted  m o d i f i e r .  I f  a 
m i c r o i n s t r u c t i o n  f o r m a t  d e f i n i t i o n  name t h a t  is s p e c i f i e d  in t h e  s o u rc e  
f i l e  does n o t  e x i s t  in t h e  d e f i n i t i o n  t a b le ,  t h e n  th e  p r o c e d u r e  e r r o r  is 
ca l led .  I f  p r o c e d u r e  ERROR is ca l led  th e n  a e r r o r  message is d i s p l a y e d ,  
and  th e  p o s i t i o n  o f  th e  e r r o r  in t h e  s o u rc e  f i l e  is i n d ic a te d .  A f t e r  a 
e r r o r  o c c u r s  th e  assem b ly  p rocess  is s to p p e d  and t h e  p r o c e d u r e
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SYMBOL VALUE MODIFIER RELOCATIONBIT
INV 1011 £ FALSE
START 0000 % TRUE
Figure 7. Symbol Table
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S E C O N D P A S S  r e t u r n s .
c.  F u n c t i o n  F I N D B I T S . T h e  f l o w  c h a r t  f o r  f u n c t i o n  F I N D B I T S  is 
shown in f i g u r e  9. T h e  assem b le r  a l lows all n u m e r ic a l  v a lu e s  t o  be 
s p e c i f i e d  in  H e x ,  Octa l  o r  Decimal ( b y  u s in g  a s u f f i x  o f  H, Q, o r  D 
r e s p e c t i v e l y ) .  I f  a s u f f i x  is not used  th e  n u m b e r  is assum ed  to  be 
decimal b y  d e f a u l t .  T h e  f u n c t i o n  F I N D B I T S  c o n v e r t s  th e  n u m b e r  to  a 
b i n a r y  s t r i n g .
d .  P r o c e d u r e  E R R O R . When t h e  p r o c e d u r e  ERROR is ca l led  a 
e r r o r  m essage is d i s p l a y e d  w h ic h  in d ic a te s  t h e  t y p e  o f  e r r o r ,  a lso th e  
p o s i t i o n  o f  t h e  e r r o r  ( t h e  l ine  n u m b e r  and t h e  p o s i t i o n  o f  t h e  e r r o r  in 
t h a t  l i n e )  a r e  d i s p l a y e d .  T h e  boolean v a r i a b l e  f l a g  is set  t o  F A L S E ,  t h i s  
s tops  t h e  a s s e m b ly  p ro c e s s .
e. P r o c e d u r e  I N S E R T M IC R O F I  E L D . T h i s  p r o c e d u r e  i n s e r t s  th e
b i n a r y  n u m b e r  passed  to  i t  as a p a r a m e t e r  in to  t h e  m ic r o w o r d  at  th e  
p o s i t i o n  s p e c i f i e d  b y  LE F T P O S .  T h e  b i n a r y  s t r i n g  is m o d i f ie d  b y  th e  
m o d i f i e r  s p e c i f i e d  b y  MODF b e fo re  i n s e r t i o n  in t h e  m i c r o w o r d .
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I II .  OPTIMIZATION FOR HORIZONTAL MICROPROGRAMMING
M a c h in e  o r  as s e m b le r  la n g u a g e s  a re  d i f f i c u l t  t o  use f o r  c o d in g  la rg e  and 
s o p h i s t i c a t e d  m ic r o p r o g  r a m s . I t  was ,  t h e r e f o r e  u n a v o id a b le  t h a t  
h i g h - l e v e l  l a n g u a g e s  be d e v e lo p e d  to  p r o v i d e  m i c r o p r o g  rammers  w i th  th e  
f a c i l i t i e s  a l r e a d y  o f f e r e d  to  p r o g r a m m e r s .  T h e  n a t u r e  o f  
m i c r o p r o g  rammi n g , h o w e v e r ,  r e q u i r e s  o t h e r  f e a t u r e s  f ro m  a h i g h - l e v e l  
la n g u a g e  (a n d  i t s  c o m p i l e r s )  t h a t  a re  no t  a lw ays  t o  be f o u n d  at  th e  
p r o g r a m m i n g  le ve l .  T h e s e  a re :
1. T h e  c o m p i l e r  s h o u ld  p r o v i d e  o p t im iz e d  code .  ( T h i s  is p a r t i c u l a r l y  
r e l e v a n t  f o r  c o m p i le r s  im p lem en ted  to  p r o v i d e  o b je c t  m ic ro c o d e  f o r  a 
h o r i z o n t a l  m ach ine  in o r d e r  to  t a k e  f u l l  a d v a n t a g e  o f  t h e  da ta  pa th  
p a r a l l e l i s m )
2. T h e  l a n g u a g e  m u s t  be  f l e x i b l e ,  so t h a t  i t  can be co m p i le d  in to  a 
v a r i e t y  o f  m ic ro c o d e s  f a r  e x c e e d in g  t h e  v a r i e t y  o f  m a c h in e  la n g u a g e s .  
T h e  f o r m a t  of  m i c r o i n s t r u c t i o n  v a r y  c o n s i d e r a b l y  f r o m  one  m ach ine  to 
a n o t h e r ,  r a n g i n g  f r o m  a f o r m a t  ( v e r t i c a l )  r e s e m b l i n g  m a c h in e - la n g u a g e  
i n s t r u c t i o n s  to a much  more  e la b o ra te  f o r m a t  ( h o r i z o n t a l )  c o n t a i n in g  
s e v e ra l  c o n c u r r e n t  m ic r o o p e r a t io n  s p e c i f i c a t i o n s .
T h e  a d v a n ta g e s  e x p e c te d  f r o m  a h i g h - l e v e l  m i c r o p r o g  ramming 
la n g u a g e  a re  g e n e r a l l y  t h e  same as th o s e  o f f e r e d  b y  h i g h - l e v e l  
p r o g r a m m i n g  la n g u a g e s .  T h e s e  a re :
1. W r i t i n g  p r o g r a m s  is eas ie r  because  a l g o r i t h m s  r a t h e r  th a n  
im p le m e n ta t io n  d e ta i l s  a re  d e s c r i b e d .  T h i s  also makes re a d in g  and 
u n d e r s t a n d i n g  t h e  p r o g r a m s  eas ie r .
2.  T h e  a b i l i t y  to  w r i t e  m a c h i n e - i n d e p e n d e n t p r o g r a m s  p r o v id e s  
p o r t a b i l i t y  f o r  t h o s e  p r o g r a m s  on a n y  m ach ine  w h e r e  a c o m p i l e r  f o r  th e
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same langua ge  is imp lemented ( T h i s  is a c lass ica l  a d v a n ta g e  o f  
h i g h - l e v e l  languages  t h a t  is not  a lways  im p lem en ted ) .
A h i g h - l e v e l  m ic r o p r o g r a m m in g  la nguage  shou ld  enab le  t h e  user  to  
w r i t e  m ic ro p ro g ra m s  in a c o n v e n t io n a l  s e q u e n t ia l ,  and p r o c e d u ra l  
f a s h io n  and  p e r m i t  these  m ic r o p r o g  rams to  be compi led  in to  e f f i c i e n t l y  
e x e c u ta b le  m ic rocode .  T h e  d e s i ra b le  p r o p e r t i e s  o f  a h i g h - le v e l  
m ic r o p r o g r a m m in g  la nguage  m us t  be a compromise  be tween machine 
d e p e n d e n c y ,  ease o f  d e te c t in g  and r e p r e s e n t i n g  e x p l i c i t  and im p l ic i t  
p a ra l le l i s m ,  and t h e  inna te  " n a t u r a l n e s s "  r e q u i r e d  f o r  all p ro g ra m m in g  
languages  to  e s ta b l is h  e f f e c t i v e  m an-m ach ine  c om m u n ic a t ions .
A h i g h - l e v e l  language  te n d s  to  p r o d u c e  i n e f f i c i e n t  o b je c t  code 
un less  some e f f e c t i v e  op t im iz a t io n  t e c h n iq u e s  a re  a p p l ie d .  A 
m ic r o p r o g r a m  g e n e ra te d  f rom  a h i g h - l e v e l  la ngua ge  may be op t im ized  
w i th  r e s p e c t  to  e x e c u t io n  t ime and memory  space at two  p ro g ra m  leve ls ,  
g loba l  and local.
A .  G L O B A L  O P T IM IZ A T IO N
T h e  g loba l  level  r e fe rs  to  th e  i n s t r u c t i o n  s t reams t h a t  can be 
p a r t i t i o n e d  in to  i n d e p e n d e n t l y  e x e c u ta b le  p r o g r a m  segm en ts .  Global  level 
o p t im iz a t io n  g e n e r a l l y  m in imizes  m ic r o p r o g r a m  e x e c u t io n  t ime b y
m u l t i p r o c e s s in g .  T h i s  in v o lv e s  de tec t ion  o f  pa ra l le l  m ic ro p ro g ra m  
s t reams and  code movement .  For  de tec t ion  o f  p a ra l le l  m ic ro p ro g ra m  
s t reams a m ic r o p r o g r a m  is p a r t i t i o n e d  in to  i n d e p e n d e n t l y  e x ec u tab le  
segments  t h a t  may be ass igned  to m u l t ip le  p r o c e s s o rs  f o r  c o n c u r r e n t
e x e c u t io n  .
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B. L O C A L  O P T I M I Z A T I O N
Local m ic r o p r o g r a m  o p t im iz a t io n  is p e r f o r m e d  on each i n d e p e n d e n t l y  
e x e c u ta b le  m ic r o p r o g r a m  segm en t .  R e d u c t io n  o f  e x e c u t i o n  t ime is 
a c h ie v e d  b y  th e  e x p l o i t a t i o n  o f  c o n c u r r e n t  m i c r o - o p e r a t i o n s , t h is  also 
r e s u l t s  in t h e  m in im iz a t io n  o f  m e m o ry  r e q u i r e m e n t s .
T h e r e  are  t w o  ma jo r  c o n s id e r a t io n s  f o r  local m ic r o p r o g r a m
o p t im iz a t i o n  t h r o u g h  t h e  use o f  c o n c u r r e n t  m i c r o o p e r a t i o n s . T h e  f i r s t  is 
t h e  d e t e c t i o n  o f  p a ra l le l  e x e c u ta b le  o p e ra t i o n s  in a m ic r o p r o g r a m  
d e p e n d in g  upon da ta  d e p e n d e n c y  c o n s t r a i n t s .  T h e  second is t h e  l im i ted  
a v a i l a b i l i t y  o f  m ic r o p r o g r a m  r e s o u r c e s .  Since p a ra l le l  o p e r a t i o n s  at t h i s  
level  a re  p e r f o r m e d  b y  a s in g le  p r o c e s s o r ,  i t  r e q u i r e s  bo th  d e te c t io n  of  
p a ra l le l  e x e c u ta b le  o p e ra t i o n s  in a m ic r o p r o g r a m  and a l loca t ion  of  
c o n c u r r e n t l y  usab le  m ic r o p r o g r a m  re s o u rc e s .  T w o  p a ra l le l  e x e c u ta b le  
o p e r a t i o n s  d e te c te d  in a m ic r o p r o g  ram, f o r  i n s ta n c e ,  may not be 
e x e c u te d  in pa ra l le l  i f  t h e y  use t h e  same r e s o u rc e s  such as an a d d e r ,  
s h i f t e r ,  r e g i s t e r  e tc  (A  re s o u rc e  may be a s to ra g e  r e s o u r c e  o r  a 
d a ta p a th  r e s o u r c e ) .  T h e  h igh  leve l  la ng u a g e  S IMPL d e te c ts  para l le l  
m ic r o o p e ra t io n s  and  reso lves  r e s o u r c e  c o n f l i c t s  a u to m a t i c a l l y  a l low ing  
local o p t im iz a t i o n  o f  h o r i z o n ta l  m ic r o p r o g  ra m s .
1 . D e tec t ion  O f  P rog ram  Para l le l ism :  S in g le  A s s i g n m ent  A p p r oa c h . 
T h e  s in g le  a s s ig n m e n t  a p p ro a c h  is used f o r  d e t e c t i n g  p a ra l le l i s m  in 
m ic r o p r o g  rams . T h i s  app ro a c h  c o n f in e s  a v a r i a b l e  to  r e p r e s e n t  no more 
th a n  one  v a lu e  t h r o u g h o u t  p r o g r a m  e x e c u t i o n .  A v a r i a b le  t h e r e f o r e  may 
be a s s ig n e d  a v a lu e  and n e v e r  be rea s s ig n e d  a n o t h e r  v a lu e  d u r i n g  the  
c o u rs e  o f  p r o g r a m  e x e c u t i o n .  T h i s  r e s t r i c t i v e  p r o p e r t y  p e rm i t s  a
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s ta te m e n t  t o  be e x e c u te d  w i t h o u t  r e g a r d  to  i t s  s e q u e n t ia l  o r d e r  in t h e  
p r o g r a m  as soon as t h e  v a r i a b le s  n e c e s s a r y  f o r  i ts e x e c u t i o n  h a v e  been 
a s s ig n e d  v a l u e s .  C o n s id e r  t h e  f o l l o w in g  p r o g r a m  segm en t .
b -  4 1 
c = 12 .5  2 
a = b /  c 3 
d = a * b  4 
e = c * b  - a 5 
f  = c / b 6  6 
g = 3 *  c 7
A f t e r  t h e  f i r s t  scan of  t h e  p r o g r a m ,  t h e  v a r i a b l e  d e p e n d e n c y  o f  a 
s t a te m e n t  is r e p r e s e n t e d  b y  a set  o f  v a r i a b l e s  t h a t  m u s t  have  va lues  
a s s ig n e d  b e f o r e  t h e  e x e c u t i o n  of  t h e  s ta te m e n t  is i n i t i a t e d .  F i g u r e  10 
s how s  th e  v a r i a b l e  d e p e n d e n c y  o f  t h e  s t a te m e n t  in t h e  exam p le  p r o g r a m  
s e g m e n t .  S ta te m e n ts  1 and 2 may im m e d ia te ly  be e x e c u te d  c o n c u r r e n t l y  
s in c e  t h e y  do no t  d e p e n d  on a n y  v a r i a b l e  f o r  e x e c u t i o n .  A f t e r  v a r i a b le s  
b a nd  c have  been d e f i n e d ,  all t h e  s ta te m e n ts  whose  v a r i a b l e  
d e p e n d e n c y  is s a t i s f i e d  b y  one o r  bo th  o f  t hes e  v a r i a b le s  can be 
e x e c u te d .  T h u s ,  s t a te m e n ts  3,  6, and  7, may be  e x e c u te d  concu  r r e n t l y .
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S ta te m e n ts  4 and  5 w i l l  be  e x e c u te d  upon  s a t i s f a c t i o n  of  t h e i r  v a r i a b l e  
d e p e n d e n c y  t h a t  o c c u r s  a f t e r  t h e  e x e c u t i o n  o f  s ta te m e n t  3 .  T h u s  t h e  
s in g le  a s s i g n m e n t  p r o p e r t y  enab les  d e t e c t io n  as we l l  as e x e c u t i o n  o f  
p a r a l l e l  e x e c u ta b le  s ta te m e n ts  in a s e q u e n t ia l  p r o g r a m  w i t h o u t  r e g a r d  to  
t h e  o r d e r  o f  t h e  s ta te m e n ts  a p p e a r in g  in a p r o g r a m .  T h e  m em ory  
r e q u i r e m e n t  o f  t h i s  a p p ro a c h  is p r o p o r t i o n a l  t o  n ,  t h e  n u m b e r  o f  s o u r c e  
p r o g r a m  s t a te m e n ts .
2.  S in g le  I d e n t i t y  M i c r o p r o g  rammi ng L a n g u a g e  ( S I M P L ) . One
p r o p e r t y  o f  S IM PL  t h a t  d i s t i n g u i s h e s  S IM P L  f r o m  o t h e r
m ic r o p  rog  rammi ng  la n g u a g e s  is t h a t  i t  a l lows  t h e  c o m p i l e r  t o  e a s i l y  
d e t e c t  p a r a l l e l i s m  in t h e  s e q u e n t i a l l y  coded  h i g h - l e v e l  s o u r c e  
m ic r o p r o g r a m  and  to  com p i le  i t  in to  an e f f i c i e n t  o b je c t  m ic r o p r o g r a m  in a 
h o r i z o n t a l  f o r m a t .  SIMPL a l low s  t h e  u s e r  to  m i c r o p r o g r a m  s e q u e n t i a l l y  
u s i n g  c o n v e n t i o n a l  h i g h - l e v e l  p r o g r a m m in g  t e c h n i q u e s  w i t h  l i t t l e  n o t io n  
o f  p a ra l le l i s m  and  o b je c t  code  o p t im iz a t i o n ,  t h e r e b y  d r a s t i c a l l y  r e d u c i n g  
h is  b u r d e n  o f  m i c r o p r o g r a m  c o d in g .  I t  p e r m i t s  a u to m a t ic  o p t im iz a t i o n  
a n d  c o m p i la t io n  o f  s e q u e n t ia l  m ic ro p  rog  rams in to  h o r i z o n t a l
m i c r o p r o g r a m s .
F o r  t h e  s in g le  a s s ig n m e n t  c o n c e p t  to  be  a d a p ta b le  to t h e  d e s ig n  o f  
m ic  rop  rog  rammi n g la n g u a g e s  c e r t a in  d i f f e r e n c e s  in t h e  d e s ig n
a p p ro a c h e s  w i t h  p r o g r a m m i n g  la n g u a g e s  m u s t  be c l a r i f i e d .  In p a r t i c u l a r ,  
t h e  e n v i r o n m e n t  in w h ic h  t h e s e  la n g u a g e s  w i l l  be used is q u i t e  d i f f r e n t .  
A s in g le  a s s i g n m e n t  la n g u a g e  a d a p ts  to  a m u l t i p r o c e s s i n g  e n v i r o n m e n t ,  
w h e re a s  a m i c r o p r o g r a m m i n g  la n g u a g e  is used t o  s p e c i f y  m u l t i p l e  
e lem en ta l  o p e r a t i o n s  in h o r i z o n t a l  m i c r o i n s t r u c t i o n s . T h e  p ro b le m s
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Figure 10. Variable Dependency of Statements
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a s s o c ia te d  w i t h  t h e  a p p l i c a t i o n  o f  t h e  s in g le  a s s ig n m e n t  c o n c e p t  to  t h e  
m ic r o p r o g r a m m i n g  l a n g u a g e  d e s ig n  a r i s e  f r o m  t h e  f o l l o w i n g  d i f f e r e n c e s  
w i t h  p r o g r a m m i n g  la n g u a g e s .
1. V a r i a b l e s  in a m i c r o p r o g r a m  r e p r e s e n t  s t o ra g e  r e s o u r c e s .
2.  I t  is n o t  t h e  r e s o u r c e s  t h e m s e lv e s ,  b u t  r a t h e r  t h e i r  c o n t e n t s  to  
w h i c h  t h e  s in g le  a s s i g n m e n t  c o n c e p t  m u s t  be a p p l i e d .
3 .  C o n c u r r e n t  p r o c e s s e s  are  e x e c u te d  b y  m u l t i p l e  p r o c e s s o r s
a s y n c h r o n o u s l y  w h e re a s  c o n c u r r e n t  m i c r o - o p e r a t i o n s  a r e  e x e c u te d  
s y n c h r o n o u s l y  in one  c lo c k  c y c le .
4.  C o n c u r r e n t  p r o c e s s e s  a re  rea l i zed  in a m i c r o p r o g r a m  b y  p a ra l le l  da ta  
p a th s  a nd  r e g i s t e r s  i n s te a d  o f  m u l t i p l e  p r o c e s s o r s .
5.  A p r o g r a m m i n g  la n g u a g e  can be t r a n s l a t e d  to  a m ach in e  i n d e p e n d e n t  
i n t e r m e d i a t e  code w h e re a s  a m ic r o p r o g r a m m i n g  la n g u a g e  is t r a n s l a t e d  
i n t o  a d i r e c t l y  e x e c u ta b le  m ic r o p r o g r a m  t h a t  g e n e r a l l y  c o n s is ts  of  
com p lex  h o r i z o n t a l  m i c r o i n s t r u c t i o n s .
T o  a p p l y  t h i s  s in g le  i d e n t i t y  p r i n c i p l e ,  a s o u r c e  m i c r o p r o g r a m  is 
a n a ly z e d  a nd  p a r t i t i o n e d  i n to  s u b b lo c k s .  A s u b b lo c k  is a p o r t i o n  o f  a 
m i c r o p r o g r a m  h a v i n g  a t  most  one c o n t r o l  t r a n s f e r  ( s i n g l e  o r  
m u l t i p l e - b r a n c h )  m ic r o o p e r a t i o n  to  o t h e r  s u b b lo c k s .  I t  can be 
c o n s id e r e d  as an i n d e p e n d e n t  s e g m e n t  of  a m ic r o p r o g r a m  a n d ,  hence  
can be a n a ly z e d  i n d e p e n d e n t l y  f o r  d e t e c t i n g  p o s s ib le  p a r a l l e l  e x e c u ta b le  
s t a t e m e n t s .
As soon as al l s u b b lo c k s  ha v e  been d e f i n e d ,  an a n a ly s i s  f o r  
p a r a l l e l i s m  is i n i t i a t e d  on each s u b b lo c k  a p p l y i n g  t h e  s in g le  i d e n t i t y  
p r i n c i p l e .  B y  t h e  s in g le  i d e n t i t y  p r i n c i p l e ,  a v a r i a b l e  t h a t  has been
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a s s ig n e d  a v a lu e  is c o n s id e r e d  to  be d e f i n e d  f o r  all t h e  s ta te m e n ts  t h a t  
a p p e a r  b e f o r e  a s t a te m e n t  t h a t  re a s s ig n s  a new v a lu e  to  t h e  v a r i a b l e ,  
t h e  same v a r i a b le  is no t  c o n s id e r e d  to  be d e f in e d  f o r  t h e  s ta te m e n ts  
r e f e r r i n g  to  i t  e l s e w h e re .
3 .  C o n s t r a i n e d  S t a t e m e n t s . In m any  c o m p u te r s  an o u t - g a t e  t im in g  
p u ls e  of  a r e g i s t e r  is g e n e r a te d  e a r l i e r  t h a n  an i n - g a t e  p u ls e  in t h e  
same c lo c k  c y c le .  T h i s  means t h a t  t h e r e  w i l l  be no r e s o u r c e  c o n f l i c t  i f  
tw o  s ta te m e n ts  t h a t  use t h i s  r e g i s t e r  as s o u rc e  and  d e s t i n a t i o n  
r e s p e c t i v e l y  a re  e x e c u te d  s im u l t a n e o u s l y .  T h e  s ta te m e n ts  a re  ca l led  
c o n s t r a i n e d  s ta te m e n ts .  Once a s ta te m e n t  is in t h e  e x e c u t i o n  r e a d y  l i s t ,  
al l o f  i ts  f o l l o w in g  c o n s t r a i n e d  s ta te m e n ts  can be c h e c k e d  f o r  p o s s ib le  
s im u l ta n e o u s  e x e c u t i o n .
C .  S IM PL C O M P IL A T IO N
T h e  S IM PL  c o m p i l e r  compi les  a s e q u e n t i a l l y  coded  s o u r c e  m ic r o p r o g r a m  
in to  an o b je c t  m ic r o p r o g r a m  in a h o r i z o n t a l  m i c r o i n s t r u c t i o n  f o r m a t .  
Bes ides  bas ic  s y n t a t i c  and sem an t ic  a n a ly s i s  i t  i d e n t i f i e s  and loca l i zes  
s u b b lo c k s ,  p e r f o r m s  c o n c u r r e n c y  and t im in g  a n a l y s i s ,  a n d  op t im ize s  t h e  
o b je c t  m ic ro c o d e .
T h e  S IM PL c o m p i la t io n  p r o c e d u r e  c o n s i s t s  of  t h e  f o l l o w in g  f o u r  
phases  s y n t a t i c  a n a ly s i s ,  sem an t ic  g e n e r a t i o n ,  m ic r o o p e ra t io n  
c o n c u r r e n c y  and  t im in g  a n a ly s i s ,  and m ic r o o p e ra t io n  t i m i n g  o p t im iz a t i o n .  
A schem at ic  d ia g r a m  of th e  c o m p i la t io n  p r o c e d u r e  is sh o w n  in f i g u r e  11. 
A  d e s c r i p t i o n  of  t h e  c o m p i la t io n  p r o c e d u r e  t h a t  f o l low s  w i l l  be  















comment: determine sign of product in R3 ;
ACC =  Rl and Ml;
ACC -  R2 OR ACC;
R3 =  ACC and Ml;
comment: force both operands to positive 
if Rl <  0 then Rl =  RO - Rl; 
if R2 <  0 then R2 =  RO - R2;
comment: extract and determine exponent for product.
ACC =  Rl and M3;
R4 =  R2 and M3;
ACC =  R4 + ACC;
R3 =  R3 or ACC;
comment: extract mantissa and clear ACC;
Rl =  Rl and M4;
R2 =  R2 and M4;
ACC =  RO;
comment: multiplication proper by shift and add. 
while R2 <  >  0 do begin
ACC =  ACC* - 1;
R2 =  R2* - 1 ;
if UF =  1 then ACC =  Rl f ACC; 
end;
comment: if product mantissa overflows, adjust to normalize; 
if ACC and M5 <  >  0 then begin 
ACC =  ACC' - 1;
R3 =  R3 4 Ml; 
end;
comment: pack exponent and mantissa into floating-point format; 
R3 =  R3 or ACC;
comment complement mantissa if product sign is negative;
if R3 <  0 then ACC =  RO - ACC;
end;
Figure 12. SIMPL Microprogram for 64-bit.
Floating Point Multiplication
36
1. S y n t a t i c  A n a l y s i s . S y n t a c t i c  a n a ly s i s  v e r i f i e s  t h e  g ra m m a t ic a l  
c o r r e c t n e s s  o f  each s t a te m e n t  and c o n s t r u c t s  v a r i a b l e  name ta b le s  t h a t  
w i l l  be r e f e r e n c e d  in t h e  s u b s e q u e n t  c o m p i la t io n  p h a s e s .
2.  S e m an t ic  A n a l y s i s . In t h i s  pha se  t h e  s e m a n t ic s  o f  a s ta te m e n t  
is i d e n t i f i e d  and c o r r e s p o n d i  ng s y m b o l i c  code g e n e r a t e d .  Severa l  
s ta te m e n ts  a re  l i n k e d  t o  f o rm  a b l o c k .  Each b l o c k  c o n s t i t u t e s  an 
i n d e p e n d e n t  set  o f  m ic r o o p e r a t i o n s ,  u p o n  w h ic h  s u b s e q u e n t  c o n c u r r e n c y  
a n a ly s i s  is p e r f o r m e d .  A f t e r  t h e  c o m p le t io n  o f  t h i s  p h a s e ,  an 
i n t e r m e d ia t e  m ic r o p r o g r a m  c o n s i s t i n g  o f  a n u m b e r  o f  b lo c k s  t h a t  c o n ta in  
n o n o p t im iz e d  s e q u e n t ia l  s em an t ic  code  is g e n e r a t e d .  Fig 13 show s  th e  
i n t e r m e d ia t e  m i c r o p r o g r a m . T h e  b r o k e n  l ines in t h e  f i g u r e  i n d i c a te  th e  
p a r t i t i o n i n g  o f  t h e  s e q u e n t i a l  code in to  s u b b lo c k s .
3.  C o n c u r r e n c y  and  T i m i n g  A n a l y s i s . T he  i n t e r m e d ia te
m i c r o p r o g r a m  in t h e  f o r m  of  p a r t i t i o n e d  sem an t ic  co d e  is s u b j e c t e d  to 
f u r t h e r  a n a l y s i s  f o r  d e t e c t i o n  o f  local p a r a l l e l i s m .  T h i s  a n a ly s i s  
d e te r m in e s  t h e  m in im um  n u m b e r  o f  c y c le s  to  e x e c u t e  each s u b b lo c k  
w i t h o u t  r e g a r d  to  m i c r o p r o g r a m  r e s o u r c e  a l l o c a t i o n .  I t  is p e r f o r m e d  in 
f o u r  s t e p s .  T h e  f i r s t  s t e p  scans s e q u e n t ia l  s y m b o l i c  code o f  e v e r y  
s u b b lo c k ,  d e t e r m in e s  t h e  v a r i a b le  d e p e n d e n c y  o f  each m ic r o o p e r a t i o n  
and  l i n k s  al l  m ic r o o p e r a t i o n s  in a s u b b lo c k  a c c o r d i n g  to  t h e i r  v a r i a b l e  
d e p e n d e n c y .  T h e  l i n k e d  m ic r o o p e r a t i o n s  in s y m b o l i c  code g e n e r a t e d  in 
t h i s  s tep  c o n s t i t u t e  t h e  max imal p o s s i b l e  p a r a l l e l i s m  ( in  each s u b b l o c k )  
t h a t  assumes no m i c r o p r o g r a m  r e s o u r c e  c o n t e n t i o n .
A p p l y i n g  t h e  s i n g l e  i d e n t i t y  p r i n c i p l e to t h e  l i n k e d
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ACC = Rl and Ml; (1) 
ACC = R2 exor ACC; (2) 
R3 = ACC and Ml; (3) 
Rl = Rl or RO; (4) 
zero/pos branch (5)
Rl = RO - Rl; (6)
* R2 = R2 + RO; (7)
__ zero/pos branch; (8)
R2 = RO - R2; (9)
^  ACC = Rl and M3; (10)
R4 = R2 and M3; (11)
ACC = ACC or R4; (12)
R3 = R3 or ACC (13)
Rl = Rl and M4 (14)
R2 = R2 and M4; (15)
ACC = RO; (16)
ACC = ACC - 1 (17) 
R2 = R2 - 1; (18) 
U/F branch (19)
R2 = R2 + RO; (20)
zero branch (21)
■>
ACC = Rl + ACC; (22)
^ R4 = ACC and M5; (23)
R4 = R4 + RO; (24)
— zero branch (25)
'igure 13. Sequential Semantic Code Generated by 
Semantic Analysis
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ACC = ACC - 1; (26)
R3 = R3 + M5; (27)
R3 = R3 or ACC; (28)
R3 = R3 + RO; (29)
zero/pos branch (30)
ACC = RO - ACC; (31)
Figure 13. Continued
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m ic r o o p e r a t i o n s ,  t h e  second s tep  d e te r m in e s  t h e  e a r l i e s t  e x e c u t i o n  t ime 
o f  each m i c r o o p e r a t i o n . F i g u r e  14 shows t h e  e a r l i e s t  e x e c u t i o n  t im e  o f  
t h e  e x a m p le  m ic r o p r o g  r a m . T h e  n u m b e rs  in t h e  f i g u r e  r e f e r  to  t h e  
c o r r e s p o n d i n g  s ta te m e n ts  in f i g u r e  12. Note t h a t  s ta te m e n ts  13 and  16 
a re  c o n s t r a i n e d  s ta te m e n ts  t h a t  may be e x e c u te d  c o n c u r r e n t l y  i f  t h e  
i n - g a t e  a nd  o u t - g a t e  t im in g s  o f  t h e  AC C  ( a c c u m u la te r )  p e r m i t .
T h e  t h i r d  s tep  scans t h e  l i n k e d  m ic r o o p e ra t io n  w h o s e  e a r l i e s t  and 
la te s t  e x e c u t i o n  t imes  a re  th e  same. T h e s e  a re  ca l led  c r i t i c a l  
m i c r o o p e r a t i o n s . In f i g u r e  15 u n d e r l i n e d  n u m b e rs  i n d i c a t e  n o n c r i t i c a l  
m ic r o o p e r a t i o n s .  T h e  c r i t i c a l  m ic r o o p e r a t io n s  c o n s t i t u t e  t h e  m in imum 
s e q u e n c e  f o r  a com p le te  m ic r o p r o g r a m  p r o v i d e d  u n l im i t e d  m ic r o p r o g r a m  
r e s o u rc e s  may be a lw ays  a l lo c a te d .
4 .  M i c r o o p e r a t i o n  T i m i n g  O p t i m i z a t io n .  T h i s  p h a s e  of  c o m p i la t io n  
i n t r o d u c e s  com p le te  m ach ine  d e p e n d e n c e  to  g e n e r a te  t h e  o b je c t  code . 
T h e  h a r d w a r e  o r g a n i z a t i o n  a n d  o p e r a t i n g  c h a r a c t e r i s t i c s  a re  d e f i n e d  b y  
t h e  m i c r o i n s t r u c t i o n  d e f i n i t i o n  t h a t  is r e p r e s e n t e d  i n t e r n a l l y  in th e  
c o m p i l e r .  In each s u b b lo c k ,  a t im e f ra m e  r e f e r s  to  e x e c u t i o n  t im in g  o f  
c n c u r r e n t ,  c r i t i c a l  m ic r o o p e r a t i o n s  r e la t i v e  to  t h o s e  a s s ig n e d  to  o t h e r  
t im e  f ra m e s  .
T h u s  each l in e  o f  f i g u r e  14 and  15 c o n s t i t u t e s  a t im e  f ra m e .  
C r i t i c a l  m ic r o o p e r a t i o n s  a s s ig n e d  to  t h e  same t im e f ra m e  are exam ined  
^qp t h e i r  r e s o u r c e  usage a n d  c o n f l i c t ,  and  i f  t h e y  c re a te  r e s o u r c e  
c o n f l i c t ,  t h e y  a re  o r d e r e d  in sequ ence  in t h e  o b je c t  code  to  r e s o lv e  
t h e i r  r e s o u r c e  c o n t e n t i o n .  S e q u e n t ia l  o r d e r i n g  o f  c r i t i c a l  m icr ooper  a t ion  










































Figure 15. Latest Execution Timing of Concurrent Microoperations
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t o  o t h e r  t im e  f r a m e s .  Fo r  e x a m p le ,  tw o  c r i t i c a l  m i c r o o p e r a t i o n s  a s s ig n e d  
t o  t h e  same t im e  f r a m e  t h a t  use t h e  same a d d e r  c a n n o t  be e x e c u te d  
c o n c u  r  r e n t l y , h e n c e  t h e y  a re  r e a s s ig n e d  t o  s e p e r a t e  s te p s  w i t h  t h e  
same t im e  f r a m e  in t h e  o b j e c t  code .  I f  t h e y  use no c o n f l i c t i n g  r e s o u r c e  
a n d  can be co d e d  in t h e  same m ic r o i  n s t r u c t i o n  t h e y  a r e  coded  f o r  
c o n c u r r e n t  e x e c u t i o n .  T h i s  p ro c e s s  g e n e r a te s  a m in im u m  se t  o f  
m i c r o i n s t r u c t i o n s  t h a t  i n c lu d e s  all t h e  c r i t i c a l  m i c r o o p e r a t i o n s  w i t h o u t  
r e s o u r c e  c o n f l i c t .  T h e  r e m a in i n g  n o n c r i t i c a l  m i c r o o p e r a t i o n s  a re  p la c e d  
in t h i s  se t  o f  m i c r o i n s t r u c t i o n s  a t  t h e i r  e a r l i e s t  e x e c u t i o n  t im es to 
a c h ie v e  h i g h e r  p a r a l l e l i s m .  T h i s  p r o c e d u r e  is i l l u s t r a t e d  b y  t h e  
f l o w c h a r t s  o f  f i g u r e  16 a nd  17. F i g u r e  16 show s  t h e  p r o c e d u r e  f o r  
r e a r r a n g i n g  c r i t i c a l  m i c r o o p e r a t i o n s  b y  t e s t i n g  r e s o u r c e  c o n f l i c t .  
R e s o u rc e  c o n f l i c t  is d e t e r m i n e d  b y  tw o  t e s t s  l a b e l l e d  " a n y  o p e r a t i o n  
c o n f l i c t "  a n d  " r e g i s t e r  c o n f l i c t "  in t h e  f i g u r e .  T h e  i t h  e le m e n t  o f  a r r a y  
K c o n t a i n s  t h e  n u m b e r  o f  c r i t i c a l  m i c r o o p e r a t i o n s  t h a t  a re  a s s ig n e d  to  
t h e  i t h  t im e  f r a m e .  T h i s  n u m b e r  is used  to  e x h a u s t i v e l y  t e s t  r e s o u r c e  
c o n f l i c t  o f  al l c r i t i c a l  m ic r o o p e r a t i o n  s a t  each t im e  f r a m e .  T h i s  
p r o c e d u r e  g e n e r a t e s  a m in im u m  set o f  m i c r o i n s t r u c t i o n s  t h a t  c o n s t i t u t e  a 
s e q u e n c e  o f  c r i t i c a l  m i c r o o p e r a t i o n s . F i g u r e  17 show's th e  p r o c e d u r e  f o r  
d e t e c t i n g  c o n c u r r e n c y  o f  n o n c r i t i c a l  m i c r o - o p e r a t i o n s  and p l a c in g  th e m  
in t h e  m in im u m  s e t  o f  m ic ro i  n s t r u c t i o n . V a r i a b l e s  C O N C U R N T  and  N E X T  
in t h e  f i g u r e  a re  l i s t s  o f  m ic r o o p e r a t i o n s  t h a t  may b e  s p e c i f i e d  in t h e  
c u r r e n t  a n d  n e x t  m ic ro i  n s t r u c t i o n s  r e s p e c t i v e l y .  T w o  t e s t s  la b e l le d  
" o p e r a t i o n  c o n f l i c t "  and  " r e g i s t e r  c o n f l i c t "  d e t e c t  r e s o u r c e  c o n f l i c t .  
Each n o n c r i t i c a l  m i c r o o p e r a t i o n  is c o d e d  in to  a p p r o p r i a t e  f i e l d s  o f  a
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Figure 16. Flow Chart for Resolving Resource Conflict in 










m i c r o i n s t r u c t i o n  t h a t  e x e c u te s  a t  i ts e a r l i e s t  e x e c u t i o n  t im e  w i t h o u t  
r e s o u r c e  c o n f l i c t .  I f  i t  c a n n o t  be coded i n to  a m i c r o i n s t r u c t i o n  b e fo re  
i t s  l a te s t  e x e c u t i o n  t im e ,  an a d d i t i o n a l  m i c r o i n s t r u c t i o n  is i n t r o d u c e d .  
F i g u r e  18 shows c o n c u r r e n c y  of  m ic r o o p e r a t i o n s  coded in t h e  o b je c t  
m ic r o p  rog r a m .
S IM P L  may be com p i led  e f f e c t i v e l y  i n t o  v e r t i c a l  as wel l  as
h o r i z o n t a l  m ic r o p r o g  r a m s . T h e  S IMPL c o m p i l e r  is d e s ig n e d  to  be  h i g h l y  
t r a n s p o r t a b l e .  I ts  c o m p i la t io n  p r o c e d u r e  i n v o l v e s  l a r g e l y  m a n ip u la t i o n  
o f  t h e  s o u r c e  and i n t e r m e d ia te  m ic ro p  rog rams f o r  o p t im i z a t i o n .  The se  
p r o c e d u r e s  are  i n d e p e n d e n t  o f  t h e  m ach ine  f o r  w h ic h  m i c r o p r o g r a m s  a re  
c o m p i l e d .  M ach ine  d e p e n d e n c y  is i n t r o d u c e d  o n l y  at  t h e  las t  phase  o f  
c o m p i l a t i o n .  T h i s  s u g g e s ts  t h a t  small m o d i f i c a t i o n s  s h o u ld  s u f f i c e  to  
a d a p t  t h e  c o m p i l e r  f o r  d i f f r e n t  m ic ro p  rog  rammed m ac h in e s .
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Figure IS. Concurrency Achieved in the Object M i (Top rogruci
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IV. MINIMIZATION OF ROM WIDTH
Some o f  t h e  f a c t o r s  t h a t  a re  to  be c o n s i d e r e d  f o r  o p t im i z i n g  
m i c r o p r o g r a m s  u s i n g  b i t  r e d u c t i o n  t e c h n i q u e s  a r e  c o d in g  e f f i c i e n c y ,  b i t  
p a c k i n g ,  a nd  f u n c t i o n  e x t r a c t i o n .  C o d in g  e f f i c i e n c y  is an ad hoc 
p r o c e d u r e  f o r  e s t im a t i n g  m ic r o c o d e  u t i l i z a t i o n .  U n f o r t u n a t e l y  t h i s  is 
i n s u f f i c i e n t  to  c o m p le te l y  d e s c r i b e  m ic ro c o d e  u t i l i z a t i o n  b e c a u s e  a d e g re e  
o f  r a n d o m n e s s  in t h e  b i t  p a t t e r n s  o f  t h e  ROM needs to  be  c o n s i d e r e d .  
B i t  p a c k i n g  and  f u n c t i o n  e x t r a c t i o n  a re  r u d i m e n t a r y  f o r m s  of  ROM w i d t h  
r e d u c t i o n .  T h e  m ic r o c o d e  is a n a ly z e d  on a c o l u m n - w i s e  bas is  t o  sea rch  
f o r  p a t t e r n s ,  s y m m e t r y ,  o r  f u n c t i o n s  w h ic h  can  be re m o v e d  f r o m  t h e  
c o n t r o l  s t o r a g e  a n d  r e p la c e d  b y  e x t e r n a l  c i r c u i t r y .  A s  an ad hoc
a p p r o a c h  t h e y  a re  e m p lo y e d ,  at  b e s t ,  in s h o r t  m i c r o p r o g r a m s . Fo r  
l o n g e r  m i c r o p r o g  rams s p e c ia l i z e d  m e th o d s  l i k e  c o n f l i c t  p a r t i t i o n
a l g o r i t h m s  need to  be  used .  A  d r a w b a c k  of  r e d u c i n g  ROM w i d t h  is t h a t  
i t  r e s u l t s  in i n c r e a s i n g  p a th  d e la y s  in c i r c u i t r y  e x t e r n a l  to  t h e  ROM 
a n d  hence  r e s u l t s  in lo w e r  s p e e d .  S ince  a n y  b i t  r e d u c t i o n  w i l l  r e q u i r e  
some e n c o d in g  o f  t h e  m i c r o - o r d e r s  t h e r e  w i l l  be a loss of  f l e x i b i l i t y .  
H e n c e  t h e  i n h e r e n t  f l e x i b i l i t y  o f  a w id e  m i c r o i n s t r u c t i o n  is lo s t  as
m i c r o i n s t r u c t i o n s  a r e  encoded  more  t i g h t l y .
A . G E N E R A L  C O N S I D E R A T I O N S  FOR ROM W I D T H R E D U C T I ON
1. C o d in g  E f f i c i e n c y . C o d in g  e f f i c i e n c y  is a m e a s u re  of  t h e  
d e g r e e  of  r a n d o m n e s s  o f  t h e  b i t s  o f  ROM. As  s u c h  i t  s e r v e s  to  i d e n t i f y  
an ’’ u t i l i z a t i o n  l e v e l ” of  t h e  ROM as a c o n t r o l  s t o r e  f o r  t h e
m i c r o p r o g r a m s  v ia  t h e  p a t t e r n  o f  t h e  1 s and  O s  in t h e  row s  and
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c o lu m n s  f o r  t h e  a c tu a l  m i c r o p r o g r a m  u n d e r  i n v e s t i g a t i o n .  T h e  b i t  
p a t t e r n s  a re  a n a l y z e d  ba s e d  upo n  p u r e l y  s t a t i s t i c a l  c o n s i d e r a t i o n s .  I f  
t h e  d e g r e e  o f  r a n d o m n e s s  is low ,  p a t t e r n  e x t r a c t i o n  b y  s u b s e q u e n t  
e x t e r n a l  h a r d w a r e  im p le m e n ta t i o n  may be p o s s i b l e .  H o w e v e r  i f  t h e  b i t s  
a r e  r a n d o m ,  i t  may be d i f f i c u l t  to  e x t r a c t  p a t t e r n s  w h i c h  can be 
im p le m e n te d  b y  e x t e r n a l  l o g ic .
T h e  m e a s u r e  o f  r a n d o m n e s s  w i l l  be  d e f i n e d  as t h e  c o d i n g  
e f f i c i e n c y ,  CE, o f  a ROM. CE is a u p p e r  l im i t  o n  t h e  a m o u n t  o f  
i n f o r m a t i o n  s t o r e d  in t h e  ROM e x p r e s s e d  as a p e r c e n t a g e  o f  t h e  
m a x im u m  a m o u n t  s t o r a b l e  in  t h e  same n u m b e r  o f  b i t s .
Le t  B be t h e  w i d t h  o f  t h e  ROM a n d  W be t h e  n u m b e r  o f  w o r d s  in 
t h e  ROM. T h e  n u m b e r  o f  b i t s  o f  i n f o r m a t i o n ,  N, c o n t a i n e d  in t h e  ROM 
is :
N = PQ lo g 2 1 / P 0 + P1 l o g 2 l / P 1 B .W
a n d  t h e  c o d i n g  e f f i c i e n c y  is d e f i n e d  as:
C = N / B . W  .100 °o
A g r a p h  o f  c o d i n g  e f f i c i e n c y  vs  f r a c t i o n a l  b i t  c o n t e n t  is s h o w n  in
f i g u r e  19. T o  e m p lo y  t h e  c o d in g  e f f i c i e n c y  as a m e a s u r e ,  c o u n t  t h e
le s s e r  n u m b e r  o f  1 s o r  0 s in each c o lum n  a n d  d i v i d e  by  t h e  n u m b e r  o f
a v a i l a b le  ROM b i t  p o s i t i o n s  to  g e t  t h e  f r a c t i o n a l  b i t  c o n t e n t .  T h i s  is t h e
f r a c t i o n a l  b i t  c o n t e n t  o f  t h e  ROM. T h e  p o t e n t i a l  m a x im u m  c o d i n g  
e f f i c i e n c y  o f  t h e  ROM can be d e t e r m i n e d  f r o m  f i g u r e  19. C o m p le m e n t i n g  
a co lu m n  leaves  i n f o r m a t i o n  c o n t e n t  u n c h a n g e d .  T h e  n u m b e r  o b t a i n e d  
f r o m  f i g u r e  19 r e p r e s e n t s  t h e  p e r c e n t a g e  o f  t h e o r e t i c a l l y  m ax im um  
c o d i n g  e f f i c i e n c y  f o r  a ROM o f  some g i v e n  s i z e .  F o r  e x a m p le ,  i f  a
Figure 19. Coding efficiency Chart
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f r a c t i o n a l  b i t  c o n t e n t  o f  0 . 2 2  is o b t a i n e d  f o r  some ROM, t h e  ROM 
p r o c e s s e s  a c o d i n g  e f f i c i e n c y  w i t h i n  75°o o f  t h e  t h e o r e t i c a l  m a x im u m .
T h e  c o d i n g  e f f i c i e n c y  m e a s u r e s  t h e  d e g r e e  o f  r a n d o m n e s s  in t h e  
d i s t r i b u t i o n  o f  b i t s  in t h e  ROM. I f  a m i c r o p r o g r a m  has m a x im u m
e f f i c i e n c y ,  l i t t l e  can be  d o n e  to  r e d u c e  t h e  n u m b e r  o f  b i t s .  He nce  an
e x e r c i s e  t o  r e d u c e  t h e  ROM may n o t  s u c c e e d .  E f f i c i e n c i e s  less t h a n
m a x im u m  s u g g e s t  t h e  e x i s t e n c e  o f  a p a t t e r n  in t h e  RO M , a l t h o u g h  
e x t r a c t i o n  m ay  n o t  be  o b v i o u s .  C o d i n g  e f f i c i e n c y  s i m p l y  m e a s u r e s  t h e  
c a p a c i t y  o f  a ROM t o  be m in im iz e d  b u t  does n o t  g i v e  a n y  i n d i c a t i o n  o f  
w h a t  can be d o n e  s u c c e s s f u l l y  to  r e d u c e  t h e  w i d t h .
As  an e x a m p le  o f  ROM c o d i n g  e f f i c i e n c y ,  c o n s i d e r  t h e  ROM s h o w n  
in f i g u r e  20.  T h i s  m i c r o p r o g r a m  has  s i x  l i n e s  o f  c o d e  w i t h  s ix  o u t p u t  
c o n t r o l  s i g n a l s .  T h e  f r a c t i o n a l  b i t  c o n t e n t  is 11 /36  = 0 . 3 .  F rom  f i g u r e  
19, a f r a c t i o n a l  b i t  c o n t e n t  o f  0 . 3  is e q u i v a l e n t  t o  an 88° m a x im u m
c o d i n g  e f f i c i e n c y .  T h u s  t h i s  ROM is c o d e d  to  w i t h i n  88 °0 o f  i t s
t h e o r e t i c a l l y  m a x im u m  c o d i n g  e f f i c i e n y  f o r  a 36  b i t  ROM. In f i g u r e  20 no 
a p p a r e n t  v i s u a l  b i t  p a t t e r n  can be o b s e r v e d .  T h i s  ROM is s u f f i c i e n t l y  
u t i  I i z e d .
2.  F u n c t i o n  E x t r a c t i o n  A n d  B i t  Pac k i n g .  T h e s e  a r e  e l e m e n t a r y  
p r o c e d u r e s  f o r  ROM m in i m i z a t i o n .  In t h e  case  o f  f u n c t i o n  e x t r a c t i o n  
c o lu m n s  in t h e  ROM a r e  e x a m in e d  f o r  some i n t r i n s i c  boo lean
r e l a t i o n s h i p .  Fo r  e x a m p le ,  i f  t h e  f o u r t h  c o lu m n  in a ROM is i d e n t i c a l  to  
t h e  s i x t h  c o lu m n  in t h e  same ROM, t h i s  e q u i v a l e n c e  r e l a t i o n s h i p  a l lo w s  
t h e  e l im in a t i o n  o f  o n e  c o lu m n  f r o m  t h e  ROM, H e n c e  t h e  b i t  d i m e n s io n  o f  
t h e  m i c r o p r o g r a m  is r e d u c e d  b y  one  b i t .  In t h e  case o f  b i t  p a c k i n g  t h e
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Figure 20. ROM for Coding Efficiency Example
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c o lu m n s  a r e  aga in  e x a m in e d  to  f i n d  i n d i v i d u a l  m i c r o - o r d e r s  o r  g r o u p s  o f  
m i c r o - o r d e r s  t h a t  a r e  i n d i v i d u a l y  a c t i v a t e d  o r  g r o u p - w i s e  a c t i v a t e d  
r e s p e c t i v e l y .  T h e s e  m i c r o - o r d e r s  a r e  n o n - c o n f  I i c t i  n g . H e n c e  s u c h  
m i c r o - o r d e r s  can be e n c o d e d  w i t h o u t  d e s t r o y i n g  t h e  m i c r o p r o g r a m .
As  an e x a m p le  c o n s i d e r  f i g u r e  21. H e re  an e i g h t  w o r d  
m i c r o p r o g r a m  e n e r g i z e s  e i g h t  m i c r o - o r d e r s  m ^ . . m g .  N o te  t h a t
m i c r o - o r d e r s  m^ a n d  m 2 , w h e n e v e r  e n e r g i z e d  a re  e q u i v a l e n t  f o r  e v e r y  
ROM w o r d .  T h e r e f o r e  o n e  c o lu m n  can  be e l i m i n a t e d  s in c e  t h e y  a re  
i d e n t i c a l .  T h e  ROM is n o w  r e d u c e d  b y  one  c o l u m n .  C o lu m n  4 is t h e  
boo lean  c o m p le m e n t  o f  c o lu m n  3.  T h e  c o m p le m e n t  o f  c o lu m n  3 can u s e d  
f o r  e n e r g i z i n g  m i c r o - o r d e r  . In f i g u r e  22, c o m b in e  c o lu m n s  1 a n d  2 
i n t o  one  c o lu m n  a n d  c o m b in e  p r e v i o u s  c o lu m n s  3 a n d  4 i n t o  a new  
c o lu m n  2.  T h e  ROM is n o w  r e d u c e d  b y  tw o  c o l u m n s  1 L 2,  n am e ly  t h e  
boo lean  A N D  o f  c o l u m n s  1 a n d  2 b y  u s i n g  t h e  e x t e r n a l  g a te  i n v e r t e r  in 
f i g u r e  22. L a s t l y  c o lu m n  7 a nd  8 in t h e  p r e v i o u s  ROM c a n n o t  be 
r e d u c e d .  T h e  e i g h t  c o l u m n  ROM is r e d u c e d  to  f i v e  c o l u m n s .
3.  C o n f l i c t  G r o u p s . A  g r o u p  o f  m i c r o - o r d e r s  a r e  n o n c o n f l i c t i n g  i f  
no  t w o  m i c r o - o r d e r s  in t h e  g r o u p  a r e  a c t i v a t e d  s i m u l t a n e o u s l y .  Fo r  
e x a m p le  c o n s i d e r  t h e  ROM o f  f i g u r e  23. H e re  t h e  l a s t  m i c r o i n s t r u c t i o n  
w h e n  r e t r i e v e d  e n e r g i z e s  m i c r o - o r d e r  and  no o t h e r  m i c r o - o r d e r .  A l s o  
w h e n  t h e  f i f t h  m ic r o i  n s t r u c t i o n  is c a l l e d  is e n e r g i z e d  a lo n e .  I f  o t h e r  
m i c r o - o r d e r s  a re  f o u n d  t h e y  a r e  s i n g l y  a c t i v a t e d  f o r  a n y  
m i c r o i n s t r u c t i o n .  T h e s e  m u t u a l l y  e x c l u s i v e  a c t i v a t e d  m i c r o - o r d e r s  can be 
g r o u p e d  i n t o  one f i e l d ,  a n d  a d e c o d e r  can be u s e d  a t  t h e  o u t p u t  o f  t h e  










Figure 21. ROM with Internal Boolean Croups
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Figure 23. ROM with no Encoding
5 8
A g r a p h i c a l  p r o c e d u r e  is d e s c r i b e d  t o  im p l e m e n t  t h e  m e th o d  o f  
e x a m i n i n g  a ROM l a y o u t  f o r  c o n f l i c t  g r o u p s .  In f i g u r e  23 t h e r e  a re  t e n  
m i c r o - o r d e r s  to  be  e n e r g i z e d ,  m ^ . . . m ^ Q .  B y  e x a m i n i n g  s i m u l t a n e o u s  
c o lu m n  o u t p u t s  o r  m i c r o - o r d e r s , a c o n f l i c t  d i a g r a m  c a n  be  g e n e r a t e d .  
T h i s  c o n f l i c t  d i a g r a m  w i l l  be  used  in  g r o u p i n g  o r  e n c o d i n g  t h e  o r i g i n a l  
ROM in o r d e r  t o  r e d u c e  t h e  ROM w i d t h .
W hen  m i c r o - o r d e r  m^ is a c t i v a t e d  in m i c r o i  n s t r u c t i o n  1 a n d  3 ,  
m i c r o - o r d e r  a n d  m^Q a r e  s i m u l t a n e o u s l y  a c t i v a t e d .  In t h e  c o n f l i c t  
d i a g r a m  a l i n e  is d r a w n  f r o m  m^ to  m -|Q- T h i s  i n d i c a t e s  t h a t  w h e n  is 
e n e r g i z e d ,  i t  is a l s o  p o s s i b l e  t h a t  e i t h e r  m^  o r  m ^  may be 
s i m u l t a n e o u s l y  e n e r g i z e d .  In t h e  t h i r d  m ic r o i  n s t  r u c t i o n , m i c r o - o r d e r m,
is e n e r g i z e d  a lo n g  w i t h  m^ . Hence  in f i g u r e  24 a c o n n e c t i n g  l i n e  is 
d r a w n  b e t w e e n  m^ a n d  mg. A t  t h i s  p o i n t  w h e n  m i c r o - o r d e r  is
e n e r g i z e d ,  i t  is p o s s i b l e  t h a t  m ^ ,  mg,  o r  m ^  m ay  be a l s o  e n e r g i z e d  a n d  
t h u s  m-j c o n f l i c t s  w i t h  mg, mg , o r  m ^ .  T h e  p r o c e d u r e  is r e p e a t e d  f o r  
al l r e m a i n i n g  m i c r o - o r d e r s  a n d  t h e i r  c o n f l i c t s ,  m a k i n g  t h e  a p p r o p r i a t e  
c o n n e c t i n g  l i n k  ( t o  d e s i g n a t e  a c o n f l i c t  ) b e t w e e n  t h e  c o n f l i c t i n g  
m i c r o - o r d e r s .
As  i t  is n e e d e d  t o  f i n d  c o lu m n s  o f  a ROM w h i c h  n e v e r  a p p e a r  
s i m u l t a n e o u s l y  as o u t p u t s ,  c o m b in e  i n t o  a s e t  ( f i e l d )  al l n o n c o n f l i c t i n g  
m i c r o - o r d e r s . T h i s  g r o u p i n g  p r o c e d u r e  is a i d e d  b y  t h e  c o n f l i c t  d i a g r a m .
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B .  A L G O R I T H M S
1 . A  C o n f l i c t  P a r t i t i o n  A l g o r i t h m . A a l g o r i t h m  f o r  s e a r c h i n g
t h r o u g h  c o n f l i c t  s e t s  t o  o b t a i n  c o m p a t i b l e  s e ts  f o r  e n c o d i n g  b i t s  is 
d e s c r i b e d .  T h e  f l o w c h a r t  f o r  t h e  a l g o r i t h m  is s h o w n  in f i g u r e  25. T h e  
f i r s t  s te p  is t o  s e a r c h  t h r o u g h  t h e  c o n f l i c t  d i a g r a m  f o r  t h e  s e t  o r  se ts  
w h i c h  h a v e  t h e  g r e a t e s t  n u m b e r  o f  c o n f l i c t s  a n d  to  i s o la te  al l s u c h  s e t s .  
T h e  o b j e c t i v e  is t o  s e p a r a t e  t h e s e  se ts  i n t o  g r o u p s  w h i c h  c a n n o t  be 
u s e d  as i n p u t s  to  t h e  same d e c o d e r .  T h e s e  p a r t i t i o n e d  se ts  a r e  c a l le d  
d i s j o i n t  s e t s .  T h e  n e x t  s t e p  is t o  g r o u p  r e m a i n i n g  s e t s  i n t o
c o m p a t i b i l i t y  s e t s .  E v e n t u a l l y  s u c h  se ts  w i l l  s e r v e  as i n p u t s  to  
d e c o d e r s .  F i n a l l y  c h e c k  t o  see t h a t  al l  m i c r o - o r d e r s  h a v e  been
a s s i g n e d ,  r e t u r n i n g  to  t h e  f i r s t  s t e p ,  o r  c o m p l e t i n g  t h e  ROM w i d t h
r e d u c t i o n  b y  e n c o d i n g  t h e s e  s e ts  i n t o  f i e l d s .
T o  i l l u s t r a t e  t h i s  a l g o r i t h m  c o n s i d e r  t h e  ROM o f  f i g u r e  23 .  B e g in  
b y  g r o u p i n g  d i s j o i n t  n - m a x im a l  c o n f l i c t  s e t s ,  w h e r e  n is t h e  l a r g e s t  
c o n f l i c t  m i c r o - o r d e r  t o  be  f o u n d .  In f i g u r e  23 s t a r t  w i t h  m ^ , w h i c h  is 
t h r e e  m ax im a l  c o n f l i c t .  M i c r o - o r d e r  m2 is t w o - m a x im a l  c o n f l i c t  w h i c h  is 
c o m p a t i b l e  w i t h  is a o n e - m a x i m a l  c o n f l i c t  m i c r o - o r d e r ,  a n d  is
c o m p a t i b l e  w i t h  al l m i c r o - o r d e r s .
T h e  d i a g r a m  is e x a m in e d  to  f i n d  al l  l e s s e r  c o n f l i c t i n g  m i c r o - o r d e r s  
w h i c h  a re  c o m p a t i b l e  w i t h  t h e  p r e v i o u s  e n t r i e s .  T h e  p r o c e s s  is
c o n t i n u e d  u n t i l  al l m i c r o - o r d e r s  a re  s e a r c h e d .
A  NOP ( n o  o p e r a t i o n )  is i n c l u d e d  in e v e r y  s e t  in  t h e  d i s j o i n t







Figure 24. Conflict Diagram
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Figure 25. Flow Chart tor Conflict Part it ion Algorithm
62
f o r  a m a x im u m  n u m b e r  o f  s i x  e le m e n ts  in t h i s  s e t .  A one o u t  o f  e i g h t  
d e c o d e r  is c h o s e n .  T h e  e i g h t  p o s s i b l e  c h o ic e s  need o n l y  t h r e e  i n p u t s ,  
m-j , , m ^ ,  m^,  rriy can b e  r e d u c e d  to  t h r e e  c o l u m n s .  N e x t ,  t h e  v a l u e
o f  n is c h e c k e d ,  i f  n is n o t  e q u a l  t o  1 t h e n  t h e  a l g o r i t h m  p r o c e e d s  
t h r o u g h  t h e  c o n f l i c t  d i a g r a m  a g a in  c h e c k i n g  f o r  t h o s e  m i c r o - o r d e r s  
w h i c h  h a v e  no t  been  i n c o r p o r a t e d  in a p r e v i o u s  s e t .  B e g i n n i n g  w i t h  t h e  
t h r e e - m a x i m a l  c o n f l i c t  m i c r o - o r d e r s , M i c r o - o r d e r  mg c o n f l i c t s  w i t h  m ^ ,  
m2 a n d  . A r b i t r a r i l y  c h o o s e  mg as a m e m b e r  o f  a n ew  s e t .  S in c e  no 
o t h e r  t h r e e - m a x i m a l  c o n f l i c t  m i c r o - o r d e r  e x i s t s  ( w h i c h  has n o t  been  
a s s i g n e d  to  some p r e v i o u s  d i s j o i n t  g r o u p  ) ,  i n c l u d e  a n y  t w o  m ax im a l  
m i c r o - o r d e r  c o m p a t i b l e  w i t h  mg. S in c e  mg is c o m p a t i b l e  w i t h  mg i t  can 
be  i n c l u d e d .  S i m i l a r l y  a n d  can also  be i n c l u d e d  in t h i s  s e t .
A g a in  d e t e r m i n e  i f  a l l  c o m p a t i b l e  m i c r o - o r d e r s  h a v e  b e e n  f o u n d  at  t h e  
c u r r e n t  n - m a x im a l  c o n f l i c t  l e v e l .  In t h i s  e x a m p le  m^g re m a in s .  H o w e v e r  
al l  o t h e r  m i c r o - o r d e r s  h a v e  been t e s t e d  f o r  c o m p a t i b i l i t y  w i t h  rn-jg. 
H e n c e ,  m^g is a s s i g n e d  t o  a s e p a r a t e  g r o u p  a n d  t h e  s e a r c h  is now 
c o m p le te .  F i n a l l y  each  c o m p a t i b l e  g r o u p  is e n c o d e d .
A p p l i c a t i o n  o f  t h e  c o n f l i c t  p a r t i t i o n  a l g o r i t h m  to  t h e  ROM in  f i g u r e  
23 g e n e r a t e s  t h e  f o l l o w i n g  s e t :
m-|, m2 / m3 '
m5 ' m 7
m4 '  m6 '  m8 '  m9
m TO-
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Each o f  th e s e  f i e l d s  a lso  i n c lu d e s  a NOP.  F o r  f i e l d  1A a s s ig n  t h e  
c o d i n g  000 to  t h e  N O P ,  001 t o  m i c r o - o r d e r  , 010 to  m i c r o - o r d e r  m^ 
e t c .  A t h r e e  to  e i g h t  d e c o d e r  is u s e d .  L i k e w i s e  f o r  f i e l d  1 D aga in  a
D
t h r e e  to  e i g h t  d e c o d e r  is u s e d .  T h e  f i n a l  e n c o d e d  ROM w i t h  t h e  
d e c o d e d  o u t p u t  is s h o w n  in f i g u r e  26 T h e  ROM has been  r e d u c e d  f r o m  
1 0 - b i t  w i d t h  to  7 - b i t  w i d t h .
T h e  c o n f l i c t  g r o u p  a p p r o a c h  r e p r e s e n t s  a n o t h e r  ad  hoc m e th o d  f o r  
ROM r e d u c t i o n ,  w h i c h  is u s e f u l  f o r  s h o r t  m i c r o p r o g  r a m s . I t  is p o s s ib le  
t o  c o m b in e  b o th  f u n c t i o n  e x t r a c t i o n  and  c o n f l i c t  g r o u p i n g  in t h e  
c o n f l i c t - p a r t i t i o n  a l g o r i t h m .  M i c r o - o r d e r s  a n d  in t h e  o r i g i n a l  ROM 
a r e  i d e n t i c a l l y  a c t i v a t e d  f o r  al l  m i c r o i n s t r u c t i o n s . a n d  c o u ld  ha v e  
been  r e d u c e d  to o ne  l i n e  b e f o r e  i n v o k i n g  t h e  c o n f l i c t  g r o u p i n g  
p r o c e d u  r e .
2.  A  C o m p a t i b i l i t y  C lass  A l g o r i t h m. In t h i s  a l g o r i t h m ,  i n s te a d  o f
p e r s u i n g  t h e  b i t - r e d u c t i o n  p r o b l e m  b y  i s o la t i n g  t h e  c o n f l i c t  g r o u p s ,  an
e x h a u s t i v e  s e a rc h  is d o n e  t h r o u g h  t h e  m i c r o p r o g r a m  w o r d s  f o r
m i c r o - o r d e r s  t h a t  a r e  c o m p a t i b le .  A l s o  t h e  use  o f  s m a l l e s t  n u m b e r  o f
d e c o d e r s  is o b t a i n e d .  T h i s  a l g o r i t h m  e s s e n t i a l l y  p a r t i t i o n s  t h e
m i c r o - o r d e r s  i n t o  a m in ima l  n u m b e r  o f  g r o u p s .  T h e  p r o c e d u r e  b e g in s
b y  f i n d i n g  t h e  w o r d ,  w ., w h i c h  has t h e  l a r g e s t  n u m b e r  o f  m i c r o - o r d e r s ,
m T h e  m in im a l  n u m b e r  o f  g r o u p s  c a n n o t  be less t h a n  m..  In t h e  w o r s t
] J
case t h e  m ax im a l  n u m b e r  o f  g r o u p s  c a n n o t  e x c e e d  t h e  t h e  n u m b e r  o f  
b i t s  in t h e  w o r d .  In w . , a s s ig n  a g r o u p  d e s i g n a t i o n ,  G. t o  each 
m i c r o - o r d e r .  P roceed  t h r o u g h  t h e  r e m a in i n g  w o r d s  one a t  a t im e  to
64
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Figure 26. Encoded ROM
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a s s i g n  m i c r o - o r d e r s  t o  t h e  p r e v i o u s  g r o u p s  i f  t h e y  a r e  p a i r w i s e  
c o m p a t i b l e  o r  e lse  i n t r o d u c e  a n e w  g r o u p  f o r  each  i n c o m p a t i b l e  
m i c r o - o r d e r .  M i c r o - o r d e r  a s s i g n m e n t  t o  t h e  g r o u p s  is m a d e  a c c o r d i n g  to  
t h e  f o l l o w i n g  s e t  o f  r u l e s :
R u le  1 . A l l  m i c r o - o r d e r s  in t h e  same w o r d  m u s t  be  p l a c e d  in d i f f e r e n t  
g r o u p s .
R u le  2 .  P r e v i o u s l y  a s s i g n e d  m i c r o - o r d e r s  f o u n d  in t h e  c u r r e n t  w o r d  
m u s t  n o t  h a v e  b ee n  c o m b in e d  i n t o  t h e  same g r o u p .  A n y  n e w  m i c r o - o r d e r  
in t h e  c u r r e n t  w o r d  m u s t  be  a s s i g n e d  t o  g r o u p s  n o t  in  p r i o r  u s e  in t h e  
w o r d .
T h i s  a l g o r i t h m  m u s t  e x h a u s t i v e l y  e v a l u a t e  al l  m i c r o - o r d e r  
c a n d i d a t e s  f o r  p o s s i b l e  p a i r w i s e  c o m p a t i b i l i t y .  I f  a f t e r  e x a m i n i n g  t h e  
f i r s t  s i x  w o r d s ,  t h e  c o m p a t i b i l i t y  p r o p e r t y  ( r u l e l )  is v i o l a t e d  b e t w e e n  
t w o  m i c r o - o r d e r s  in t h e  s e v e n t h  w o r d  ( b e c a u s e  o f  a p r e v i o u s  g r o u p  
a s s i g n m e n t  o f  t h e s e  t w o  m i c r o - o r d e r s ) ,  t h e  a l g o r i t h m  t h e n  r e a s s i g n s  t h e  
m i c r o - o r d e r s  in t h e  p r e v i o u s l y  e x a m in e d  w o r d s  so as t o  i n s u r e  
c o m p a t i b i l i t y  o f  t h e  t w o  m i c r o - o r d e r s  in t h e  s e v e n t h  w o r d .  T h i s  is 
s h o w n  in f i g u r e  27a .  S u p p o s e  t h a t  m^ a n d  m 2 h a v e  b e e n  a s s i g n e d  to  
G ^ ,  b u t  u p o n  e x a m i n a t i o n  o f  w ^ ,  i t  is seen t h a t  m^ and  m 2 a re
i n c o m p a t i b l e  ( r u l e s l  a n d r u I e s 2 ) h e n c e a n d a r e  r e a s s i g n e d to
d i f f e r e n t  g r o u p s  ( r u l e l ) . A s s i g n m 2 tO G ry. A l s o in Wg c a n n o t be
a s s i g n e d  t o  o r  G 2 ( r u l e s  1 a n d  2 ) .  I t  is t h e s e  t y p e  o f  s i t u a t i o n s  t h a t  
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Figure 27. ROM for example on Compatibility Class Algorithm
67
d r a w b a c k  f o r  m anua l  r e d u c t i o n  b u t  less  so f o r  a u t o m a t e d  m e a n s .  I t  has 
b e e n  s h o w n  t h a t  i t  is  p o s s i b l e  t o  o b t a i n  t h e  m in im a l  n u m b e r  o f  g r o u p s .  
H o w e v e r  t h i s  m in im a l  n u m b e r  o f  g r o u p s  does  n o t  g u a r a n t e e  t h a t  t h e  
m in im a l  w i d t h  o f  t h e  ROM has been  a c h i e v e d .
T h e  a l g o r i t h m  is  a p p l i e d  t o  t h e  ROM o f  f i g u r e  2 7 b .  B e g in  w i t h  t h e  
w o r d  t h e  l a r g e s t  n u m b e r  o f  m i c r o - o r d e r s . S i n c e  w ^ , has t h e  m a x im u m  
n u m b e r  o f  m i c r o - o r d e r s , a s s i g n  o n e  m i c r o - o r d e r  t o  each  o f  s i x  g r o u p s  
as s h o w n  b e l o w :
U 1 U 2
s t e p l ( m ^ ) (mg)  (mg) (m 4 ) ( m 5 ) (m 6 }
s tep2 (m-j)  (m g ,m g) ( i T I g ,  P i g )
/-NCD£TnJEToE
s t e p 3  (m- j)  ( m 2 , m 7 ) ( m 3 , m g ) ( m ^ m g )  ( m ^ )
s t e p 4  ( m g , m g , m ^ ) ,  ( m ^ ) ,  ( m g , m ^ )
s t e p 5  . . . n o  c h a n g e  . . .
In  w 0 , m-7 , m0 , a n d  mn , a re  a c t i v a t e d .  H e n c e  r u l e l  r e q u i r e s  t h a t
Z i o  y
each  o f  t h e s e  m i c r o - o r d e r s  be  p l a c e d  in d i f f e r e n t  g r o u p s .  T h e  
m i c r o - o r d e r  rrig is a l r e a d y  a s s i g n e d  t o  Gg a n d  m ^ ,  m g ,  a n d  mg a re  
a c t i v a t e d .  H e n c e ,  r u l e l  r e q u i r e s  t h a t  each o f  t h e s e  m i c r o - o r d e r s  be 
p l a c e d  in d i f f e r e n t  g r o u p s .  T h e  m i c r o - o r d e r  mg is a l r e a d y  a s s i g n e d  to  
Gg a n d  m ^ ,  mg a n d  mg m u s t  be  s e p a r a t e d .  A s s i g n  t o  G 9 s i n c e  i t  is 
c o m p a t i b l e  w i t h  mg. L i k e w i s e ,  a s s i g n  mg to  G 4 a n d  mg t o  Gg.  F o r  Wg, 
m^ a n d  mg h a v e  a l r e a d y  b e e n  a s s i g n e d  b u t  r u l e  2 p r e v e n t s  t h e  
a s s i g n i n g  o f  mg , mg o r  m ^g  t o  a n y  g r o u p s  w h i c h  c o n t a i n  a n d  m 9 . mg 
a n d  mg w i l l  be i g n o r e d  s in c e  t h e y  a r e  a l r e a d y  a s s i g n e d  a n d  m ^g  w i l l  be 
a s s i g n e d  t o  Gg (m ^g  c a n n o t  b e  a s s i g n e d  t o  G ^  s i n c e  r u l e 2  p r o h i b i t s  t h i s  
a s s i g n m e n t  ) .  In  w ^ ,  m ^  c a n n o t  be  a s s i g n e d  t o  G ^  ( b y  r u l e s  1 a n d  2 ) .
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A l s o  in  i t  is seen f o r  t h e  f i r s t  t im e ,  t h a t  mg and  a r e  n o t
c o m p a t i b l e  ( b y  r u l e  1 ) .  H e n c e  r e t u r n  t o  t h e  s t e p  w h i c h  made t h e  mg 
a s s i g n m e n t  a n d  r e a s s ig n  mg (as w e l l  as a n y  o t h e r  m i c r o - o r d e r s  i f  
n e c e s s a r y ) .  R e a s s ig n  mg t o  Gg. H o w e v e r ,  in Wg m^g needs  to  be 
r e a s s i g n e d  ( S in c e  mg,  mg, a n d  m^Q m u s t  be  s e p a r a t e d ) .  A s s i g n  m^Q to  
G g .  N o w ,  u p o n  r e t u r n  to  w ^ ,  o n l y  m ^  r e m a in s  u n a s s i g n e d .  C hoose  Gg.  
F o r  Wg, al l m i c r o - o r d e r s  h a v e  now b ee n  a s s i g n e d .  T h e  g r o u p i n g s  a re  
n o w  c o m p le te  a n d  a r e  s h o w n  b e lo w .
G1 G2 G3 G4 G5 G6
(m- j)  (m g ,  m y ) ( m g , m g , m ^ )  ( m ^ )  ( m g , m ^ )  .
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V .  C O N C L U S I O N
E f f i c i e n t  m i c r o p r o g r a m  a s s e m b l e r s  a r e  o f  p r i m a r y  i m p o r t a n c e  f o r  
d e v e l o p i n g  f i r m w a r e  f o r  m i c r o p r o g  ra m m a b le  m a c h in e s .  A  smal l  b u t  f i r m  
s t e p  has bee n  t a k e n  t o w a r d s  t h e  d e s i g n  o f  s y s t e m  s o f t w a r e  f o r  
m i c r o p r o g r a m m i n g . T h e  d e v e l o p m e n t  o f  a m e t a - a s s e m b l e r  e l im in a te s  t h e  
n e e d  f o r  d e v e l o p i n g  s e p a r a t e  a s s e m b le r s  f o r  d i f f e r e n t  h o s t  a n d  t a r g e t  
m a c h i n e  c o n f i g u r a t i o n s ,  H e n c e  a m i c r o p r o g r a m  m e t a - a s s e m b l e r  is an 
e x c e l l e n t  t oo l  in an e n v i r o n m e n t  f o r  f i r m w a r e  d e v e l o p m e n t .  T h e  
a s s e m b l e r  is f a s t ,  e f f i c i e n t  a n d  has a r e a s o n a b le  s y n t a x .
A l t h o u g h  m i c r o p r o g r a m  a s s e m b le r s  a r e  w i d e l y  u s e d  f o r  
m i c r o p r o g  ram m i n g , t h e r e  a r e  some a d v a n t a g e s  o f  u s i n g  h i g h - l e v e l  
l a n g u a g e s  f o r  m i c r o p r o g r a m m i n g . L a r g e  a n d  s o p h i s t i c a t e d  m i c r o p r o g r a m s  
a r e  e a s ie r  t o  w r i t e  in a h i g h - l e v e l  l a n g u a g e ,  a l s o  r e a d i n g  and  
u n d e r s t a n d i n g  t h e  p r o g r a m s  is e a s i e r .  A  h i g h - l e v e l  l a n g u a g e  f o r  
m i c r o p  rog  ram m i n g  s h o u l d  p r o d u c e  e f f i c i e n t  o b j e c t  m i c r o c o d e .  T h e  code  
s h o u l d  be  o p t i m i z e d  f o r  t a k i n g  a d v a n t a g e  o f  t h e  p a r a l l e l i s m  in t h e  
d a t a - p a t h  o f  t h e  m a c h in e .  T h e  c o m p l e x i t y  o f  h i g h - l e v e l  m i c r o p r o g r a m  
l a n g u a g e  c o m p i l e r s  a n d  t h e  l i m i t e d  use  o f  m i c r o p r o g r a m m i n g  h a v e  l im i t e d  
t h e r e  d e v e l o p m e n t .  T h e  c u r r e n t  m i c r o p r o g r a m m i n g  t r e n d s  m ay  c h a n g e  
t h i s  s i t u a t i o n .  D e t e c t i o n  o f  c o n c u r r e n t l y  e x e c u t a b l e  m i c r o o p e r a t i o n s  is 
an  i m p o r t a n t  c o n s i d e r a t i o n  f o r  e f f e c t i v e  h o r i z o n t a l  m i c r o p r o g r a m m i n g . 
T h e  d e t e c t i o n  o f  c o n c u r r e n c y  is h i g h l y  m a c h in e  d e p e n d e n t  a n d  r e q u i r e s  
k n o w l e d g e  o f  h i g h l y  i n t r i c a t e  f e a t u r e s  o f  a m a c h in e .  T e c h n i q u e s  us e d  
f o r  d e t e c t i o n  o f  c o n c u r r e n c y  a nd  f o r  g e n e r a t i n g  h i g h l y  p a r a l l e l  a n d  
e f f i c i e n t  o b j e c t  m i c r o p r o g r a m s  in h o r i z o n t a l  f o r m a t  a re  i n v e s t i g a t e d .
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M in i m i z a t i o n  o f  t h e  d i m e n s io n s  o f  t h e  c o n t r o l  m e m o r y  b e l o n g s  to  t h e  
g e n e r a l  p r o b l e m  o f  o p t i m i z i n g  m i c r o p r o g  r a m s . A s i n g l e  m i c r o p r o g r a m  
m e m o ry  w o r d  may be  as m u c h  as 100 b i t s  l o n g .  A t  some p o i n t  in t h e  o f  
a m i c r o p r o g  ra m m a b le  c o n t r o l  u n i t ,  i t  m ay  be d e s i r a b l e  to  m in im iz e  t h e  
s t o r a g e  d im e n s io n s  o f  t h e  ROM. T e c h n i q u e s  u s e d  f o r  o p t i m i z a t i o n  o f  
c o n t r o l  m e m o ry  s p a c e  a re  a n a l y z e d .
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VITA
R a h u l  S a x e n a  was  b o r n  on  J u n e  6,  1959 in J o d h p u r ,  I n d i a .  He
r e c e i v e d  h is  p r i m a r y  a n d  s e c o n d a r y  e d u c a t i o n  in New D e l h i ,  I n d i a .  He 
has  r e c e i v e d  h is  c o l l e g e  e d u c a t i o n  f r o m  V i s v e s w a r y a  C o l l e g e  o f  
E n g i n e e r i n g ,  B a n g a l o r e  a n d  t h e  U n i v e r s i t y  o f  M i s s o u r i - R o l l a , in R o l l a ,  
M i s s o u r i .  He r e c e i v e d  a B a c h e l o r  o f  S c ie n c e  in E l e c t r i c a l  E n g i n e e r i n g  
f r o m  V i s v e s w a r y a  C o l l e g e  o f  E n g i n e e r i n g ,  B a n g a l o r e ,  I n d i a  in J u l y  1981.
He has b e e n  e n r o l l e d  in  t h e  G r a d u a t e  S choo l  o f  t h e  U n i v e r s i t y  o f  
M i s s o u r i  - Ro l la  s i n c e  A u g u s t  1985. He h e ld  t h e  p o s i t i o n  o f  G r a d u a t e  
T e a c h i n g  A s s i s t a n t  in t h e  E l e c t r i c a l  E n g i n e e r i n g  d e p a r t m e n t  s i n c e  
a u g u s t  1985 a n d  was  a R e s e a r c h  A s s i s t a n t  in t h e  M e c h a n ic a l  E n g i n e e r i n g  
d e p a r t m e n t  in  t h e  f a l l  s e m e s t e r  1986.
